
UNCLASSIFIED

AD NUMBER

ADB274793

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Proprietary Info.; Jul
2001. Other requests shall be referred to
U.S. Army Medical Research and Materiel
Command, 504 Scott St., Ft. Detrick, MD
21702-5012.

AUTHORITY

USAMRMC ltr, dtd 28 Jul 2003

THIS PAGE IS UNCLASSIFIED



AD

Award Number: DAMDl7-98-1-8324

TITLE: Genetic Induction of Cytolytic Susceptibility in Breast
Cancer Cells

PRINCIPAL INVESTIGATOR: James L. Cook, M.D.

CONTRACTING ORGANIZATION: University of Illinois at Chicago
Chicago, Illinois 60612

REPORT DATE: July 2001

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Distribution authorized to U.S. Government
agencies only (proprietary information, Jul 01). Other requests
for this document shall be referred to U.S. Army Medical Research
and Materiel Command, 504 Scott Street, Fort Detrick, Maryland
21702-5012.

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20020118 117



NOTICE

USING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER
DATA INCLUDED IN THIS DOCUMENT FOR ANY PURPOSE OTHER
THAN GOVERNMENT PROCUREMENT DOES NOT IN ANY WAY
OBLIGATE THE U.S. GOVERNMENT. THE FACT THAT THE
GOVERNMENT FORMULATED OR SUPPLIED THE DRAWINGS,
SPECIFICATIONS, OR OTHER DATA DOES NOT LICENSE THE
HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY
ANY RIGHTS OR PERMISSION TO MANUFACTURE, USE, OR SELL
ANY PATENTED INVENTION THAT MAY RELATE TO THEM.

LIMITED RIGHTS LEGEND

Award Number: DAMD17-98-1-8324
Organization: University of Illinois at Chicago

Those portions of the technical data contained in this report marked as
limited rights data shall not, without the written permission of the above
contractor, be (a) released or disclosed outside the government, (b) used by
the Government for manufacture or, in the case of computer software
documentation, for preparing the same or similar computer software, or (c)
used by a party other than the Government, except that the Government may
release or disclose technical data to persons outside the Government, or
permit the use of technical data by such persons, if (i) such release,
disclosure, or use is necessary for emergency repair or overhaul or (ii) is a
release or disclosure of technical data (other than detailed manufacturing or
process data) to, or use of such data by, a foreign government that is in the
interest of the Government and is required for evaluational or informational
purposes, provided in either case that such release, disclosure or use is made
subject to a prohibition that the person to whom the data is released or
disclosed may not further use, release or disclose such data, and the
contractor or subcontractor or subcontractor asserting the restriction is
notified of such release, disclosure or use. This legend, together with the
indications of the portions of this data which are subject to such
limitations, shall be included on any reproduction hereof which includes any
part of the portions subject to such limitations.

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION.

*A/OI a



1 Form Approved
REPORT DOCUMENTATION PAGE OIMB No. 074-0188

lablic reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction ProJect (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
July 2001 Final(l Jul 98 - 30 Jun 01)

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Genetic Induction of Cytolytic Susceptibility in Breast DAMD17-98-1-8324

Cancer Cells

6. AUTHOR(S)
James L. Cook, M.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

University of Illinois at Chicago
Chicago, Illinois 60612

E-Mail: JLCook@uic.edu

9. SPONSORING I MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Distribution authorized to U.S. Government agencies only
(proprietary information, Jul 01). Other requests for this
document shall be referred to U.S. Army Medical Research and
Materiel Command, 504 Scott Street, Fort Detrick, Maryland 21702-5012.

13. ABSTRACT (Maximum 200 Words)

These studies continue to focus on defining the mechanisms by which the ElA oncogene
sensitizes formerly resistant human tumor cells to destruction by proapoptotic injuries.
Comparison and contrast between human breast cancer cells and NIH-3T3 cells continues to
be used to analyze genetic mechanisms and traits that are common among species and unique
to human tumor cells. Other types of human tumor cells have been contrasted with breast
cancer cells for this same reason. The original two tasks continue to provide the focus
for this work. In the first task, cDNA array analysis of ElA-induced differential gene
expression has progressed. Resulting studies have focused on assessment of the possible
relevance of ElA modulation of osteopontin gene expression in detemining cellular
susceptibility to proapoptotic injuries. In the second task, studies have focused on
developing cell systems to test ElA-induce repression of antiapoptotic cellular
mechanisms. Initial results show that ElA blockade of the cellular NF-kB defense against
cytokine-induced apoptosis is one mechanism of sensitization to apoptosis. Tests of the
generalization of this observation to breast cancer cells, among different breast cancer
cell lines and among different types of human tumors are under way.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Breast Cancer 54

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified Unlimited

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102



Cook, James L. DAMD17-98-1-8324
FOREWORD

Opinions, interpretations, conclusions and recommendations are those
of the author and are not necessarily endorsed by the U.S. Army.

N/A Where copyrighted material is quoted, permission has been obtained
to use such material.

N/A Where material from documents designated for limited distribution
is quoted, permission has been obtained to use the material.

N/A Citations of commercial organizations and trade names in this
report do not constitute an official Department of Army endorsement or
approval of the products or services of these organizations.

N/A In conducting research using animals, the investigator(s) adhered
to the "Guide for the Care and Use of Laboratory Animals," prepared by
the Committee on Care and use of Laboratory Animals of the Institute
of Laboratory Resources, national Research Council (NIH Publication
No. 86-23, Revised 1985).

CYX For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

fr_ In conducting research utilizing recombinant DNA technology,

the investigator(s) adhered to current guidelines promulgated by the
National Institutes of Health.

Nt In the conduct of research utilizing recombinant DNA, the
investigator(s) adhered to the NIH Guidelines for Research Involving
Recombinant DNA Molecules.

f[rIn the conduct of research involving hazardous organisms, the
investigator(s) adhered to the CDC-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.

7/21/01

PI - Signature Date

3



Cook, James L. DAMD17-98-1-8324

Table of Contents

Cover .................................................................................................

SF 298 ............................................................................................... z

Foreword ...................................................................................... 3

Table of Contents ........................................................................... 4

Introduction ................................................................................. 5

Body ................................................................................................. 5

Key Research Accomplishments ..................................................... 7

Reportable Outcomes ..................................................................... 7

Conclusions ................................................................................. 8

References ................................................................................... 9

Liste of Personnel Receiving Pay from Research Effort .................... 10

Appendices ................................................................................. 11

4



4

Cook, James L. DAMD17-98-1-8324

INTRODUCTION:

These studies exploit our observation that expression of the EIA oncogene of human
adenovirus types 5 converts formerly resistant normal and neoplastic cells into cells that
become highly sensitive to proapoptotic injuries. The injuries tested include those
inflicted by killer lymphocytes (both NK cells and cytotoxic T lymphocytes), cytokines
such as TNF alpha (TNFca) and a variety of chemical agents, including chemotherapeutic
drugs. The proposed experiments were designed to test translation of observations made
during studies of mouse NIH-3T3 cells to human breast cancer cells. This comparative
analysis has provided the basis for studies of the cellular pathways that can be modulated
by EIA gene expression to mediate conversion of cells to the apoptosis-sensitive
phenotype. Definition of these basic cellular mechanisms may lead to development of
new strategies for enhancing the efficacy of both immunological and chemotherapeutic
forms of antineoplastic therapy.

BODY:

Task one was to identify cellular genes whose expression is modulated by ElA to cause
increased cellular sensitivity to proapoptotic injuries. In previous reports, it was noted
that expression of the p53 tumor suppressor gene is not required for ElA-induced
sensitivity to apoptotic injury. This observation was confirmed using both rodent and
human tumor cells [1]. Notably, human breast cancer cells with loss of function
mutations in p53 were sensitized by E1A expression to a variety of proapoptotic injuries,
including both immune injuries (NK cells, TRAIL, anti-Fas antibody) and chemical
injuries (e.g., etoposide). To confirm the lack of importance of p53 for this E1A-induced
cellular phenotype, studies were done using the human osteosarcoma cell line, Saos-2,
that is completely negative for p53 expression. These p53-negative cells were also
rendered sensitive as a result of ElA expression to immune-mediated (NK cell) and
chemically induced (etoposide, cytosine arabinoside, hydroxyurea, cisplatin) apoptotic
injuries. This observation suggested that ElA-induced sensitivity to apoptosis was not
restricted to human breast cancer cells but might be observed with a variety of human
tumor cell types. To test this possibility, the studies were extended to human
fibrosarcoma and melanoma cells [2]. Both cell types were rendered sensitive to immune-
mediated (TRAIL-induced) apoptosis by ElA expression. These observations suggest
that the process by which ElA induces this phenotypic change in human tumor cells is
not restricted to a specific cell type or tissue type but may be generally applicable to
many or all types of human tumors.

The complementary question to that of cell type specificity was whether there is
oncogene specificity for induction of the apoptosis-sensitive phenotype in tumor cells.
To test this, cells were compared following stable transfection with either the adenoviral
ElA oncogene or the E7 oncogene from human papilloma virus type 18. The question
was whether both ElA and E7 would induce cellular sensitivity to proapoptotic injuries.
Initial studies have been completed contrasting NK cell-induced killing of mouse
fibrosarcoma cells expressing either of these two oncogenes [3]. The results indicate that
E1A, but not E7, induces sensitivity to NK cell-induced apoptosis. Similar studies have
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also been completed using human breast carcinoma cells. The results are the same, since
E7-expressing breast cancer cells are no more susceptible to killer cell-induced apoptosis
than nontransfected cells, whereas E1A-expression in the same cells resulted in high level
sensitization to killer cell-induced apoptosis. Therefore, despite the fact that E1A and E7
share several other oncogene activities, including induction of cellular immortalization,
changes in cellular transcriptional control and related cell cycle regulation, these
oncogenes differ markedly in their abilities to induce cellular sensitivity to proapoptotic
injuries. In addition to defining the E1A specificity of apoptosis sensitization, these data
provide a basis for comparative genetic analyses of E1A and E7 that might lead to
definition of the oncogene region(s) that are required to trigger the apoptotic cellular
phenotype.

Studies described in the initial proposal identified the existence of E1A-related
differences in cellular gene expression in NIH-3T3 cells. It was postulated that one or
more of these differences in gene expression might explain the change in the apoptotic
response in cells expressing ElA. Progress has been made in comparisons of gene
expression between ElA-negative and E1A-positive cells using cDNA array technology.
As predicted by previous differential display experiments, there are numerous ElA-
related gene expression changes detected by this assay. These changes are being
reviewed and assessed for possible implication in control of the apoptotic phenotype. A
specific question that was posed during this analysis was whether the initially observed
difference in osteopontin gene expression detected with NIH-3T3 cells would also be
observed with human breast cancer cells. This comparison has been completed using the
Affymetrix system, and the results have been confirmed. ElA expression in breast cancer
cells represses osteopontin gene expression by approximately tenfold. This E1A-induced
repression might be interesting in the context of the sensitivity of tumor cells to apoptotic
injury because of the apparent relationship between the effects of osteopontin binding to
its integrin receptor (alpha v beta 3) and changes in the cellular response to chemical
stimulation [e.g., 4]. This observation about differential gene expression in ElA
expressing provides the basis for a series of experiments to test the hypothesis that E1A-
induced repression of osteopontin is causally linked to the change in apoptosis sensitivity
of neoplastic cells. These studies are in progress.

Task two was to assess the level in the cellular apoptosis response at which ElA
expression mediates conversion of cells from apoptosis-resistant to apoptosis-sensitive.
As previously reported, we have excluded the role of the Bcl-2 family member, E1B 19
kD proteins in blocking immune-mediated apoptosis [1]. We had preliminary data that
the NF-kappa B activation response to proapoptotic injury was compromise in EIA-
positive cells. This observation has been confirmed and is being translated from studies in
NIH-3T3 cells to studies in human breast cancer cells. The status of the results is that
ElA expression has been observed to block TNF-induced NF-kappa B activation and
thereby to sensitize cells to TNF induced apoptosis. The data to date indicate that the
mechanism of this ElA blockade of NF-kappa B does not involve reduction in cytokine
signaling,-- nuclear translocation of the transcription factor or transcription factor binding
to its enhancer. The results point to a repressive interaction at the level of the
transcription complex. Several human breast cancer cell systems are being tested for
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translation of these data to human tumor cells and to determine whether this observation
can be generalized to different cell lines. This experimental system provides a focused
area of investigation to pursue for definition of a molecular mechanism of the
sensitization to apoptosis.

Discussion. Progress has been made on this project and several fronts. We have observed
that, in contrast to rodent cells, p53-mutant or p53-negative human tumor cells can be
sensitized by E1A expression to apoptosis triggered by both immune-mediated and
chemotherapy drug-induced injuries. This observation is important for analysis of the
relevance of the E1A Control mechanism, considering the frequency of p53 mutations in
human breast cancer. These data suggest that caution is warranted when translating
observations about apoptosis control mechanisms from mouse to human cell systems.
Our studies of the cellular pathways through which ElA controls the response to injury
have been complemented by evaluations of differential gene expression in ElA-positive
versus ElA-negative cells. The goal is to use the gene expression studies to both test
possible mechanisms suggested by cytotoxicity assays and to suggest new directions for
experimentation. This triple approach of evaluation of E1A-induced changes in cellular
response to proapoptotic injuries, E1A-related alterations in the cellular antiapoptotic
response and E1A-induced changes in a spectrum of genes using c DNA array
technology is consistent with the originally proposed scope of work and provides the best
opportunity for progress in the studies of the control mechanisms that determine the
outcome of tumor cell injury.

KEY RESEARCH ACCOMPLISHMENTS:

"* Identified the difference between NIH-3T3 cells and human breast cancer cells in the
p53 tumor suppressor gene expression requirement for E1A-induced sensitization to
immune mediated and chemically induced apoptosis.

"• Extended the spectrum of human tumor cells studied to include breast cancer cells,
fibrosarcoma cells and melanoma cells, revealing that ElA-induced sensitization to
apoptotic injury is not restricted cells of one tumor or tissue type.

" Confirmed that ElA represses osteopontin gene expression in human breast cancer
cells as well as in NIH-3T3 cells and have initiated studies of the relevance of
osteopontin repression for E1 A-induced sensitization to proapoptotic injuries.

"• Identified the NF-kappa B activation response as a target of ElA activity that
provides one explanation for sensitization to cytokine-induced apoptosis and have
initiated studies to translate this observation to human breast cancer cells.

REPORTABLE OUTCOMES:

1. Cook, JL, Routes, BA, Walker, T, Colvin, KL, and Routes, JM. E1A oncogene
induction of susceptibility to killing by cytolytic lymphocytes through target cell
sensitization to apoptotic injury. Experimental Cell Research 251: 414-423, 1999.
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2. Cook, JL, Routes, BA, Leu, C, Walker, TA, and Colvin, KL. ElA oncogene-induced
cellular sensitization to immune-mediated apoptosis is independent of p53 and
resistant to blockade by EIB 19 kD protein. Experimental Cell Research 252: 199-
210, 1999.

3. Cook, JL, Colvin, KL, Routes, BA, and Routes, JM. E1A oncogene sensitization of
breast cancer cells to apoptotic injury. Poster presentation. Era of Hope Symposium,
Atlanta, GA.

4. Routes, JM, Ryan, S, Clase, A, Miura, T, Kuhl, A, Potter, TA, and Cook, JL.
Adenovirus E1A oncogene expression in tumor cells enhances killing by TNF-related
apoptosis-inducing ligand (TRAIL). Journal of Immunology 165(8): 4522-7., 2000.

5. Routes, JM, Ryan, S, Li, H, Steinke, J, and Cook, JL Dissimilar immunogenicities of
human papillomavirus E7 and adenovirus ElA proteins influence primary tumor
development Virology 277(1): 48-57., 2000.

6. Cook, JL, Colvin, KL, Routes, BA, Walker, TA, and Radke, JR. E1A-Induced
Repression of the NF-kappa B Defense Against Apoptosis through a p300-Binding-
Independent Mechanism. Symposium presentation at the annual Small DNA Tumor
Viruses Meeting, Madison, WI.

7. Cook, J.L. and Routes, J.M.: Role of the innate immune response in determining the
tumorigenicity of neoplastic cells. Developments in Biological Standardization. In
press, 2001.

8. Nagasawa, M., Johnson, G.L., Cook, J.L., Gelfand, E.W. and Lucas, J.L.: p53-
dependent regulation of Jun kinase activation after UTV-C irradiation. Manuscript in
revision, 2001.

9. Cook, JL, Walker, TA, and Radke, JR E1A Repression of NF-kB p65/ReIA-
dependent transcription sensitizes cells to TNF-induced apoptosis independently of
ElA protein binding to p300 or TBP. Manuscript in revision, 2001.

CONCLUSIONS:

The results from the studies indicate that ElA-induced sensitization of neoplastic cells to
both immune-mediated and chemically induced apoptosis is a common property of rodent
cells and human breast cancer cells. The results do show, however, that there are species-
related differences in the pathways through which this oncogene-induced phenotype is
controlled. Creation of a breast cancer cells system in which to study ElA-induced
apoptosis sensitivity provides a basis for continued analysis of the level in the apoptosis
cascade through which this phenotypic conversion is controlled. The results to date
suggest that studies of cytokine-induced activation of the NF-kappa B defense and of the
possible role of osteopontin repression in changing cellular sensitivity to injury may be
productive. Since NF-kappa B activation is a well-known factor in the apoptosis cascade
and osteopontin is over expressed in a majority of breast cancer cells, these avenues of
investigation may be productive and are being pursued.

"So what?" -- The long-term goal of this project has been consistent throughout the
period of funding -- to use the adenoviral E1A oncogene as a tool to identify cellular
pathways and molecular mechanisms that can be used to convert chemotherapy- and
immunotherapy-resistant breast cancer cells into cells that are more sensitive to these
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therapeutic interventions. The results show important similarities and differences between
mouse cell models and human breast cancer cells that provide useful information for
interpretation of studies from these two types of cell systems. The identification of
specific cellular targets of E1A activity provide clear directions for future experiments to
define the molecular triggers that can be used to sensitize tumor cells to therapeutic
interventions.
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ElA Oncogene Induction of Cellular Susceptibility to Killing
by Cytolytic Lymphocytes Through Target Cell Sensitization

to Apoptotic Injury
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*Department of Medicine, College of Medicine, University of Illinois at Chicago, Chicago, Illinois 60612; tDepartment of Medicine,
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cells to become highly susceptible to lysis by several
ElA oncogene expression increases mammalian cell components of the antitumor immune response, includ-

susceptibility to lysis by cytolytic lymphocytes (CLs) ing different types of cytotoxic lymphocytes (CLs), ac-
at a stage in this intercellular interaction that is inde- tivated macrophages, and tumor necrosis factor a
pendent of cell surface recognition events. Since CLs (TNFa) [15-17, 19, 45, 55]. This ElA-induced cellular
can induce either apoptotic or necrotic cell death, we phenotype has been termed "cytolytic susceptibility."
asked whether ElA sensitization to injury-induced penotyehs benpered tcytolytic
apoptosis is sufficient to explain ElA-induced cyto- We and others proposed that of A-induced cytolytic
lytic susceptibility. Mouse, rat, hamster, and human susceptibility explains the lack of tumorigenicity of
cells that were rendered cytolytic susceptible by ElA cells transformed by these nononcogenic Ad serotypes

were also sensitized to CL-induced and chemically in- in immunocompetent animals [8, 10, 19, 44, 45, 49, 50,
duced apoptosis. In contrast, ElA-positive cells were 55].
no more susceptible to injury-induced necrosis than We reported that the mechanism by which ElA in-
E1A-negative cells. Similar to induction of cytolytic duces the cytolytic susceptible phenotype involves a
susceptibility and in contrast to other E1A activities, stage in the interaction between CLs and their ElA-
cellular sensitization to chemically induced apoptosis expressing target cells that follows, and is independent
depended on high-level E1A oncoprotein expression. of, interactions between killer cell or cytokine ligands
Loss of both cytolytic susceptibility and sensitization and target cell receptors-a "postrecognition" stage in
to chemically induced apoptosis was coselected dur- cellular injury [18]. These observations suggest that
ing in vivo selection of ElA-positive sarcoma cells for ElA induces cytolytic susceptibility by causing a qual-
increased tumorigenicity. Furthermore, E1A mutant itative change in the cellular response to CL-induced
proteins that cannot bind the cellular transcriptional injury.
coactivator, p300, and that fail to induce cytolytic sus- Most reports indicate that CLs kill their target cells
ceptibility also failed to sensitize cells to injury-in- by reportsin that mecheir one
duced apoptosis. These data indicate that E1A induces by inducing apoptosis through two mechanisms: one
susceptibility to killer cell-induced lysis through sen- caused by the joint actions of CL granule-associated
sitization of cells to injury-induced apoptosis. a 1999 perforin and granzymes and the other resulting from
Academic Press CL surface Fas-ligand crosslinking of Fas antigen on

Key Words: adenovirus; E1A; oncogene; cytolytic target cells (reviewed in [2, 5]). However, there is also
lymphocyte; beauvericin; apoptosis; NIH-3T3. evidence suggesting that CL-induced apoptosis may

not explain all killing activity and that CLs can also
cause a necrotic cell death response in at least some

INTRODUCTION types of target cells [20, 51, 54]. Therefore, it was not
possible, using only assays of CL-induced injury, to

In addition to its roles in controlling viral gene ex- determine whether ElA induction of cytolytic suscep-
pression and the cell cycle, the ElA oncogene of human tibility is caused by ElA-induced cellular sensitivity to
adenovirus (Ad) types 2 and 5 also actively induces apoptosis or necrosis or to both cell death responses.

In the studies presented in this report, fibroblastic
1 To whom correspondence and reprint requests should be sent at cells stably transfected with the E1A oncogene and

Infectious Diseases Section (MC735), Room 885, CME Building, De- expressing the E1A oncoprotein were used to test the
partment of Medicine, College of Medicine, University of Illinois at
Chicago, 808 South Wood Street, Chicago, IL 60612. Fax: (312) relationship between ElA induction of cytolytic sus-
413-1657. ceptibility and ElA sensitization to apoptotic injury.
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ElA SENSITIZATION TO KILLER CELL-INDUCED APOPTOSIS 415

The results of studies of the ElA expression level de- immunodeficient animals [11, 19, 55], suggesting that these cells

pendence of these two cellular phenotypes and of their also do not spontaneously undergo apoptosis in vivo.
linkage during in vivo selection and E1lA mutational Assays of injury-induced apoptosis and necrosis. Each beauveri-ainkalysis suginget t t thelechinanismd ElA mutati cin, gramicidin, and etoposide (VP16) lot (Sigma, St. Louis, MO) was
analysis suggest that the mechanism by which EIA titered against ElA-negative NIH-3T3 cells and the ElA-positive
induces cytolytic susceptibility involves ElA sensitiza- NIH-3T3 cell line 13-2, across a broad range of concentrations to

tion to killer cell-induced apoptosis. determine optimal culture conditions for detecting ElA-specific sen-
sitization to chemical injury. Initial studies of beauvericin-induced

MATERAL4S AND METHODS apoptosis were done using the apoptosis-sensitive cell line EL-4 as a
control for comparison to ElA-positive cells. Assays of CL-induced

Cells and cell lines. NIH-3T3 cells were obtained from the Amer- apoptosis were done using the cytotoxic T lymphocyte (CTL) clone 4.1
icelan d y elCulture Colnes. ion NIH-33 c el ere obtainedfromte Acer- and the lectin PHA-P, as described [18]. Apoptotic and necrotic cell

ican Type Culture Collection (ATCC). Several EiA-expressing cell death induced by these agents was confirmed by microscopic exam-
lines derived from NIH-3T3 are represented in the figures as follows. ination of nuclear morphological changes of injured cells [22] and
The terms NIH-3T3÷, 3T3-E1A, and ElA 289R Hi (see [1-3, 5] andTable 1)reerms to thecellline, 13-2, whic expResisees a13 hh ll o was quantitated using 6-h 1Cr release assays as described [55] and
Table 1) refer to the cell line, 13-2, which expresses a high level of as validated in these studies. For cell morphology studies, cells
the 289R oncoprotein encoded by the ElA 13S cDNA [16]. ElA 289R stained with DNA-binding dyes were scored based on the character-
Lo (Fig. 2A) refers to a similarly transfected clone, 13-3, that ex- istics of aberrant chromatin organization as described [22]. The
presses a low level of ElA 289R [16]. ElA 243R Hi and EIA 243 Lo significance of the differences observed was estimated using Stu-
(Fig. 2A) refer to two clones, MT12SA and 12-3, that express either dent's t test with JMP software from the SAS Institute. Low-molec-
a high or a low level of ElA 12S cDNA-encoded protein, 243R, ular-weight DNA ("fragmented nuclear DNA") release from injured
respectively [16]. C3.11 (Fig. 2B) is a cell line established using the cells undergoing apoptosis [22] was used as a third means to quan-
Lac Switch inducible mammalian expression system (Stratagene, La titate apoptosis (Table 1).
Jolla, CA). For this purpose, the ElA gene was synthesized by
polymerase chain reaction and replaced the CAT gene in the pOPRS-
VICAT plasmid. This plasmid was cotransfected with the p3'SS RESULTS
plasmid into NIH-3T3 cells, and transfected clones were selected in
hygromycin and geneticin. The C3.11 subclone was selected for its ElA Induction of Cytolytic Susceptibility Correlates
expression of high-level ElA on induction with IPTG. 3T3-PSdl and
3T3-NCdl cells (Fig. 5) are NIH-3T3 clones established following with Sensitization to Apoptotic Injury
transfection of NIH-3T3 cells with the ElA mutant genes E1A-PSdl
and E1A-NCdl, as described [9]. E1A-PSdl deletes all of ElA con- To begin to define the mechanism by which ElA
served region 1 (CR1) but does not affect expression of the N-termi- sensitizes cells to killing by CLs, we initially deter-
nal 22 amino acids of ElA [36]. The E1A-NCdl mutation deletes mined whether there was a correlation between ElA
amino acids 61 through 85 but does not affect expression of either the sensitization to apoptosis induced by both CLs and
ElA N terminus or ElA CR1 [37]. The E1A-PSdl mutation elimi- chemically induced injuries. The prediction was that
nates the ElA gene regions required for oncoprotein binding to the
cellular p300 transcriptional coactivator and retinoblastoma (Rb)- different types of ElA-positive cytolytic susceptible
family member proteins [3, 9, 36]. The ElA oncoprotein encoded by cells should simultaneously exhibit traits of CL-in-
E1A-NCdl mutant gene retains the ability to bind p300 or Rb-family duced apoptosis and acquire sensitivity to apoptosis
proteins [9, 56]. induced by unrelated proapoptotic, chemical stimuli.

H4+ (Fig. 1) is an ElA-transfected H4 cell line, P2AHT2A [25]. Mous
The H4-derived cell line, H4-RG2-Clone 2, has been described [46]. e, rat, hamster, and human cells that had been
This cell line was created by transfecting H4 cells with the ElA rendered highly susceptible to CL-induced lysis as a
plasmid, 12S.RG2, which contains an ElA gene point mutation that result of ElA transfection [16, 18, 45, 55] were tested
results in an arginine-to-glycine change at the second amino acid in for sensitivity to apoptosis induced by the potassium
the amino terminus of the ElA oncoprotein [57]. H4-RG2-Clone 2 ionophore beauvericin (Fig. 1). This proapoptotic agent
expresses the mutant ElA protein at a high level [46]. The E1A-RG2
oncoprotein fails to bind cellular p300, but continues to bind Rb- was chosen because its mechanism of induction of
family proteins [56]. apoptosis is distinct from the perforin/granzyme and

RN12+ (Fig. 1; formal name RN12-lAgpt-A) is a cell line that Fas-ligand activities by which CLs trigger apoptosis.
expresses ElA at a high level and that was derived by transfection of Beauvericin induces release of intracellular calcium
RN12 cells with plAgpt [24]. BHK21+ (Fig. 1) is an ElA-expressing stores and appears to activate one or more cellular
clone, D5, of BHK-21 cells [55].

Hamster embryo cells (HECs) were prepared and used as de- endonucleases that cause apoptosis in susceptible cells
scribed [11]. ATL-1 and ATL-2 and cell lines were derived from [41]. Therefore, it was possible to ask the question
tumors developing in adult hamsters after serial in vivo transplan- whether ElA expression induced sensitivity to diverse
tation of the Ad2-transformed HEC line AdHE3 [14]. proapoptotic stimuli.

ElA expression levels in these cell lines were compared by immu- ElA-positive, CL-susceptible cells from all four spe-
r noblotting using the monoclonal antibody M73 [26]. High-level ElA

expression denotes an oncoprotein expression level that is compara- cies were highly sensitive to beauvericin-induced cell
ble to that detected in virally transformed or virally infected rodent death, whereas the respective ElA-negative control
cells. Cells expressing ElA at low levels have been previously re- cells were resistant (Fig. 1). To confirm that the cell
ported and compared with high level expressers [16]. death was apoptotic in nature, these ElA-positive cells

All of these ElA-positive cell lines grow well in vitro and, of
particular relevance for this study, do not spontaneously undergo were examined by fluorescence microscopy for beau-
apoptosis in vitro. Furthermore, where tested (BHK-21-D5, Ad2HE3, vericin-induced cell shrinkage and nuclear chromatin
and P2AHT2A), the ElA-positive cells are able to form tumors in condensation, which are diagnostic of apoptosis [22]. In
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all cases, ElA-positive cells showed apoptotic nuclear TABLE 1
changes within 30 min of beauvericin treatment, Evidence for Apoptotic Death of ElA-Positive NIH-3T3
whereas the cellular and nuclear morphologies of E1A- Cells Injured by Cytolytic Lymphocytes or Beauvericin
negative cells were unaffected by beauvericin. Beau-
vericin did not cause necrotic cell death of either ElA- Target Cell

positive or ElA-negative cells. Less than 5% of cells in Injury NIH-3T3 3T3-E1A

all treated preparations showed the diffuse nuclear
staining with ethidium bromide that is diagnostic of Cytolytic lymphocytes

necrosis [22]. Therefore, the E1A-induced sensitization Fragmented nuclear DNA (2 h) 33 - 2% 70 _ 3%

of cells to beauvericin was apoptosis specific. Apopto- 51Cr release (6 h) 19 5% 58±- 5%

sis-specific cell death was also observed with E1A- Beauvericin
Apoptotic nuclei (30 min) 10 ± 2% 85 _ 5%

positive cells injured by CLs. Fluorescence microscopy Fragmented nuclear DNA (2 h) 13 _ 5% 47 _ 8%

ofElA-positive NIH-3T3 cells that had been injured by "Cr release (6 h) 16 _ 2% 64 - 3%

cocultivation with the 4.1 clone of CL (at a 50:1 CL:
target cell ratio) for 6 h revealed apoptosis-specific Note. Enumeration of apoptotic cells and quantitation of frag-

mented nuclear DNA release were done as described a [221. Quan-
nuclear fragmentation and condensation in the major- titation of cell death was estimated by radiolabel release as described

ity of target cells. Less than 5% of these CL-injured [55]. Each set of comparison data represents the mean ± SEM

target cells in repeated assays showed cellular mor- results of at least three experiments. For each index of measure-

phologies indicative of necrotic death (data not shown). ment, the ElA-positive cells (3T3-EIA) were significantly more sen-

Another characteristic of cells undergoing apoptosis sitive to apoptotic injury than the ElA-negative cells (NIH-3T3) (P <

is degradation of their DNA into low-molecular-weight 0.05).

fragments as a result of internucleosomal chromatin
cleavage [22]. This apoptotic response can be assessed
qualitatively by DNA "laddering" patterns detected fragmentation was quantitated for EmA-positive and
during agarose gel electrophoresis and quantitatively terA-negative NIH-3T3 cells and compared with pat-
by measuring the percentage of DNA that is released terns of beauvericin-induced apoptotic nuclear mor-
as low-molecular-weight fragments [22]. DNA ladder- phology and cell death, as quantitated by 51Cr release
ing was observed with beauvericin-treated, ElA-posi- (Table 1). Both CLs and beauvericin caused a signifi-
tive cells from all four species tested but not with DNA cant increase in cellular DNA fragmentation of EIA-
extracted from ElA-negative cells (not shown). DNA positive, but not EIA-negative, cells. Beauvericin ef-fects on EIA-positive cells were preceded by the

nuclear morphology characteristic of apoptosis. The

60 observations that ElA-positive cells from different spe-
cies exhibited apoptotic, but not necrotic, cell death

50 responses validated the subsequent use of the radiore-
in lease assay to quantitate injury-induced apoptosis.
Z 40- This strong positive correlation between ElA-induced

susceptibility to lysis by CLs and ElA-induced sensiti-
S30- zation to CL- and beauvericin-induced apoptosis sug-

o gested that target cell lysis and apoptosis are two man-
"O 20. ifestations of the same ElA activity.

0 10- EIA Sensitization to Apoptosis, Like ElA-Induced
SICytolytic Susceptibility, Depends on High-Level

0l - Oncoprotein ExpressionEIA- + - + - + +
NIH3T3 RN12 BHK21 H4 Our previous studies showed that ElA-induced sus-

Mouse Rat Hamster Human ceptibility to lysis by natural killer cells and activated
macrophages is dependent on the relatively high levelsFIG. 1. Increased beauvericin sensitivity of NK-susceptible E1A- of expression of ElA oncoproteins similar to those

expressing cell lines from four different species. ElA-positive (dark

bars) and ElA-negative mouse, rat, hamster, and human fibroblastic found during Ad infection of permissive cells or Ad-
cells were tested for sensitivity to beauvericin-induced killing in 6-h induced cell transformation [16, 19]. As a further test
"5 Cr-release assays. Bars represent the mean _+ SEM results of three of the correlation between the requirements for E1A-
(RN12, BHK-21, H4) to eight (NIH-3T3) experiments using beauveri- induced cytolytic susceptibility and ElA sensitization
cin at a final concentration of 10 kM (mouse, rat, and human cells) or to apoptotic injury, we used two different types of cells
13 /xM (hamster cells). ElA-positive cells of all four types were
significantly more sensitive to beauvericin-induced cell death than to evaluate the level of ElA oncoprotein expression
the respective ElA-negative cells (P < 0.05). required for beauvericin-induced apoptosis. NIH-3T3
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cells stably transfected with cDNAs from either of the A
two major ElA mRNAs (13S or 12S) and clonally se-
lected for expression of either high or low levels of the 50o

ElA oncoproteins (289R and 243R, respectively) were
tested for sensitivity to beauvericin (Fig. 2A). Trans- 40

fected cells expressing high levels of both E 1A proteins
were shown previously to be highly susceptible to lysis L 30

by natural killer lymphocytes (NK cells) and activated 0 •
macrophages, whereas the transfectants expressing >• 20-

low levels of these E lA proteins remained resistant to o
lysis by both types of killer cells [16]. An identical M 10
pattern of sensitivity was detected to beauvericin-in-
duced apoptosis. Cells expressing high-level E1A 289R 0HL

or 243R proteins were sensitive to beauvericin. In con- ElA Nn Lo HiALo

trast, cells expressing low levels of ElA proteins were Expression protein protein
no more susceptible than E lA-negative NIH-3T3 cells
(Fig. 2A). B6o

We next tested whether clonal differences between
these lines, other than ElA-induced effects, could ex-
plain the patterns of beauvericin sensitivity observed. 50

For this purpose, a cell line (C3.11) was created in
which all cells in the population could be induced to (D 40

express the ElA 289R oncoprotein when treated with
IPTG. C3.11 cells expressed a barely detectable level of 3-
E 1A 289R protein by Western blotting in the absence of CL
IPTG induction (Fig. 2B). When treated with IPTG, > 20- _

essentially all cells in the population (>95% by EIA-
specific immunofluorescence) expressed ElA 289R pro- 10
tein at a level as high as that detected in the E1A
289R-Hi expresser cell line represented in Fig. 2A. E "

Uninduced C3.11 cells were resistant to lysis by differ- NIH-3T3 0 18 24 36

ent types of killer lymphocytes (not shown), indicating c3.11

that the trace level of ElA expression in the uninduced (hr of 5mM IPTG)

state was insufficient to change their inherent cytolytic FIG. 2. ElA expression level dependence of cellular sensitivity to

resistance. C3.11 cells became highly susceptible to apoptotic injury. NIH-3T3 cells expressing ElA proteins at high or
CL-induced lysis during the first 24 h after IPTG in- low levels (as indicated) following either (A) stable transfection with

duction when the cells expressed high levels of ElA ElA 13S (289R protein) or 12S (243R protein) cDNAs, respectively

289R protein (not shown). [16], or (B) IPTG induction of ElA 13S cDNA (289R protein) expres-
sion (C3.11 cells) were tested for sensitivity to apoptosis induced by

The same pattern of dependence on E lA oncoprotein beauvericin at a final concentration of 13 jiM. Bars in (A) represent

expression level was observed when a time-response the mean ±_ SEM results of three to six experiments. Cells express-
study was done to assess sensitivity to chemically in- ing high levels of either ElA 289R or ElA 243R were significantly

duced apoptosis in C3.11 cells treated with beauvericin more sensitive to beauvericin-induced apoptosis than either ElA-

(Fig. 2B). In the uninduced state, cells expressing trace negative NIH-3T3 cells or cells expressing the respective ElA pro-
teins at low levels (P < 0.05). Bars in (B) represent the mean -_ SEM

levels of ElA 289R were no more sensitive to beauveri- results of four assays in which the beauvericin sensitivities of C3.11

cin-induced apoptosis than ElA-negative NIH-3T3 cells were tested before and at the indicated times after IPTG induc-

cells (Fig. 2B). C3.11 cells became increasingly sensi- tion of ElA 289R expression. E1A-negative NIH-3T3 cells and the

tive to injury-induced apoptosis through 36 h of ElA stably transfected, ElA-positive cell line 13-2 were used as beau-

induction (Fig. 2B, right three bars). Comparison of the vericin-resistant and beauvericin-sensitive controls, respectively.
IPTG-induced C3.11 cells were significantly more sensitive to beau-

ElA expression and apoptosis sensitization data re- vericin-induced apoptosis than untreated control cells at 24 and 36 h

vealed that there may also be a time dependence of after IPTG treatment (P < 0.05 by ANOVA using Dunnett's compar-

ElA sensitization apoptosis. ElA expression level did ison).

not increase after 18 h of IPTG stimulation (Fig. 2B).
However, ElA-expressing cells exhibited increasing
sensitivity to beauvericin-induced apoptosis through- changes in nuclear morphology at each time point that
out 36 h of testing (Fig. 2B). Beauvericin-injured, E1A- were identical to those seen with cells stably express-
positive C3.11 cells exhibited diagnostic apoptotic ing high levels of ElA 289R.
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These data on C3.11 cells, coupled with those on In these experiments, EiA-positive and ElA-negative
cells stably expressing high or low levels of E IA NIH-3T3 cells were equally sensitive to gramicidin-
shown in Fig. 2A, indicated that ElA sensitization to induced necrosis (Fig. 3). The absence of an ElA-sen-
injury-induced apoptosis was dependent on a rela- sitizing effect to necrotic cell death was also observed
tively high threshold level of ElA oncoprotein ex- with matched ElA-positive and ElA-negative ham-
pression. The finding that both ElA-induced cyto- ster, rat, and human cells treated with gramicidin (not
lytic susceptibility and ElA sensitization to shown). Morphological studies of cells treated with
chemically induced apoptosis were dependent on gramicidin confirmed that the dying cells exhibited the
high-level oncoprotein expression suggested that diffuse nuclear staining with ethidium bromide that is
these two ElA-induced cellular phenotypes were characteristic of necrotic cell death [22] and lacked the
manifestations of the same E lA activity, cell shrinkage and nuclear chromatin condensation

seen with apoptotic cells. Therefore, high-level ElA
ElA Does Not Sensitize Cells to Injury-Induced expression sensitizes cells to apoptosis induced by both

Necrotic Cell Death CLs and beauvericin, but ElA does not sensitize cells
to gramicidin-induced necrotic cell death. These re-

The DNA degradation patterns and nuclear mor- sults are compatible with our reported observation that
phology changes observed with beauvericin-injured, ElA-expressing cells are no more sensitive than E1A-

oeA-positive cells were consistent with apoptosis. negative cells to killing by antibody plus complement
However, it has been reported with other types of cells [181, another form of cellular injury that induces ne-
that beauvericin can also cause cellular mitochondrial crotic death.
changes similar to those observed in cells undergoing
necrotic cell death [41]. Furthermore, it has been sug- Loss of ElA Sensitization to Injury-Induced Apoptosis
gested that CLs can cause cellular necrosis, as well as
apoptosis in some types of target cells [31], although is Coselected with Loss of Cytolytic Susceptibility
most reported evidence indicates that apoptosis is the during Neoplastic Progression of Ad2-Transformed
major form of CL-induced cell death [23]. To test Rodent Sarcoma Cells
whether any of the detected sensitization to cell death We have described an Ad2-transformed hamster
that is induced by ElA can be explained by increased sarcoma model in which weakly tumorigenic, ElA-
cellular susceptibility to necrosis, ElA-positive and positive cells were adapted by serial in vivo passage
E lA-negative cells were compared for sensitivity to the to become highly tumorigenic in immunocompetent
potassium ionophore gramicidin, an agent that causes animals [14]. These "adapted" tumor cell lines,
necrotic cell death (R. Duke, personal communication). ATL-1 and ATL-2, retained identical patterns of ad-

enoviral gene integration into the cellular genome
and continued to express ElA oncoproteins at the
same high levels seen with their weakly tumorigenic,

80 parental sarcoma cell line, Ad2HE3. In comparison
with parental cells, however, the ATL lines lost cy-

70 3T3-E1A tolytic susceptibility as evidenced by reduced killing
6Hby NK cells and tumor cell-activated macrophagesoe NIH-3T3
60 compared with Ad2HE3 cells [14].
5 To further test the correlation between ElA-induced

:o'1 50- cytolytic susceptibility and ElA sensitization to
0 •apoptotic injury, the two CL-resistant ATL cell lines

1z 40 were compared for sensitivity to beauvericin-induced
0 apoptosis with their CL-susceptible parental cell,

30 Ad2HE3, and with the nontransformed HECs from
which Ad2HE3 was derived (Fig. 4). The results

20 __ 1 1showed that the CL-resistant ATL lines had also lost20,,,

15 20 25 susceptibility to beauvericin-induced apoptosis relative

Gramicidin (WM) to CL-susceptible Ad2HE3 cells and that the ATL lines
were no more susceptible to beauvericin than CL-resis-

FIG.3. Lack of ElA sensitization of NIH-3T3 cells to necrotic cell tant HECs. Therefore, these ElA-positive ATL cells
death. ElA-negative and ElA-positive (13-2) cells were compared that were selected in vivo for loss of cytolytic suscepti-
for sensitivity to chemically induced necrosis at the indicated con- bility were coselected for loss of sensitivity to chemi-
centrations of gramicidin. Points represent the mean -_ SEM results
of three experiments. ElA-positive cells were not more sensitive to cally induced apoptosis. This linkage between the loss
gramidicin-induced necrosis than ElA-negative cells (P > 0.10). of these two cellular phenotypes strengthened the case
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PSdl cells, which express an E1A mutant protein, E1A-
50- PSdl, lacking the CR1 binding domain required for

p300 binding [9] remained highly resistant to both
4 killer cell- and beauvericin-induced apoptosis. 3T3-

0 40
PSdl cells were as resistant to injuries as nontrans-

S30fected NIH-3T3 cells. In contrast, 3T3-NCdl cells,,- • 30-
which express an ElA mutant protein, E1A-NCdl, that

2 0L continues to bind p300 as well as wild-type ElA protein
a) 2[9] were as sensitive to both proapoptotic injuries as
a .target cells expressing wild-type E lA. Cells expressing

10 either wild-type ElA or EIA-NCdl proteins exhibited
nuclear morphologies and low-molecular-weight DNA

0. -fragment release patterns diagnostic of apoptosis,
HEC Ad2 ATLI ATL2 whereas cells expressing E1A-PSdl protein were indis-

HE3 tinguishable from ElA-negative cells in these assays.

FIG. 4. Loss of apoptosis sensitivity ofElA-positive fibrosarcoma The observation that the E1A-PSdl mutation abro-
cells following in vivo selection for loss of susceptibility to NK killing
during serial tumor transplantation. Tumor lines, ATL-1 and ATL-2, gated E.A-induced cellular sensitization to apoptotic
derived from in vivo passage of the NK-susceptible hamster cell line injury suggested the importance of E1A-p300 interac-
Ad2HE3 were compared with parental cells for susceptibility to tions in this ElA activity. However, since the PSdl
apoptosis induced by beauvericin at a final concentration of 10 AM. mutation can also affect ElA binding to Rb-family pro-
Primary HECs (from which Ad2HE3 were derived) were used as teins, these data did not exclude a role for EIA-Rb
apoptosis-resistant control cells. Ad2HE3 cells are highly susceptible
to lysis by hamster NK cells, whereas ATL-1 cells, ATL-2 cells, and interactions in sensitization to injury-induced apopto-
HECs cells are NK resistant [14]. Bars represent the mean ± SEM SiS.
results of five experiments. ATL-1 cells, ATL-2 cells, and HECs were To refine the analysis of the requirement for ElA-
significantly less susceptible to beauvericin-induced apoptosis than p300 binding interactions for cellular sensitization to
Ad2HE3 cells (P < 0.05). proapoptotic injuries, human H4 fibrosarcoma cells ex-

pressing either wild-type (wt) ElA oncoprotein or an
ElA mutant protein encoded by ElA 12S.RG2 were

for a causal relationship between E1A sensittiion to compared for susceptibility to injury-induced apoptosis
apoptotic injury and E1A-induced cytolytic susceptibil- (Fig. 5B). The ElA mutant gene 12S.RG2 contains a
ity. point mutation that causes an arginine-to-glycine

ElA Mutation That Eliminates Induction of Cytolytic switch at the second amino acid of the E lA oncoprotein

Susceptibility Also Eliminates ElA-Induced and results in loss of p300 binding [57] but does not

Sensitization to Apoptotic Injury affect Rb-family protein binding by ElA (our unpub-
lished data). The H4 cell line RG2-Clone 2 was selected

We reported that first-exon mutations involving ei- for these experiments because it expresses a high level
ther the N terminus or conserved region 1 (CR1) of the of the mutant ElA RG2 protein. Three types of pro-
ElA gene abrogated ElA-induced susceptibility of apoptotic injuries-human NK cells (Hu NK), beau-
hamster cells to lysis by NK cells, despite continued vericin (BR), and etoposide (Etop)-were used to test
high-level oncoprotein expression following either viral the effect of the RG2 mutation on the ability of ElA to
infection or stable transfection [9]. These ElA gene sensitize human cells to apoptosis. Etoposide is a topo-
regions are required for oncoprotein binding to the isomerase II inhibitor that triggers apoptosis in sus-
cellular transcriptional coactivator protein, p300. ElA ceptible cells [32]. Fibrosarcoma cells expressing wt
first-exon mutations that did not prevent ElA binding ElA were susceptible to apoptosis induced by all three
to p300 did not block ElA-induced cytolytic suscepti- injuries (Fig. 5B). In contrast, H4-RG2-Clone 2 cells
bility. These results suggested the importance of ElA- were as resistant to all three injuries as parental ElA-
p300 binding interactions for induction of cytolytic sus- negative fibrosarcoma cells. Subsequent coimmunopre-
ceptibility. cipitation studies confirmed that the E1A-RG2 mutant

ElA mutational analysis was used to test the corre- protein expressed in these cells failed to form com-
lation between ElA-induced sensitization to apoptotic plexes with the p300 transcriptional coactivator but
injury and induction of susceptibility to lysis by killer did form complexes with Rb-family member proteins
cells. NIH-3T3 cells expressing high levels of two dif- (data not shown). These data confirm the observations
ferent mutant ElA oncoproteins that differ in their using the larger ElA deletion mutation, PSdl, by show-
binding to p300 were compared with cells expressing ing that an ElA mutation that eliminates oncoprotein
wild-type ElA protein for sensitivity to apoptosis in- binding to p300 also eliminates the ElA activity that
duced by killer cells and beauvericin (Fig. 5A). 3T3- sensitizes cells to injury-induced apoptosis and suggest
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70 that EIA binding to cellular Rb-family proteins is in-
sufficient to sensitize cells to apoptotic injury.

A 60 DISCUSSION

50
7.. These studies provide several types of evidence that

40 4I NIH-3T3 indicate a cause-and-effect relationship between ElA
6 30 3T3-E1A sensitization to injury-induced apoptosis and ElA in-
0- 3T3-PSdl duction of cellular susceptibility to lysis by killer cells.
b20
< 23T3-NCdl First, the association between these two ElA-induced

10 cellular phenotypes was found to be a general property
of cells from four different species (Fig. 1). Second,

0 there were similar dose-response relationships be-
E1A-p300- + "+ "+ + tween E 1A oncoprotein expression and sensitization tobinding CL BR injury-induced apoptosis (Fig. 2) and EIA oncoprotein

expression and induction of cytolytic susceptibility [16,
19]. In both cases, high-level expression similar to that
observed during viral infection or virus-induced neo-

B plastic transformation of cells is required for the EIA-
70 related cellular phenotype. In contrast, other ElA ac-

tivities, including transcriptional activation [59],
60 transcriptional repression [531, cellular immortaliza-

oF tion [1], and support of adenoviral replication [27],
50 require only low levels of ElA protein expression.

40 Third, cell selection in vivo for loss of ElA-induced
.o cytolytic susceptibility coselects for loss of EIA sensi-
Z 30 tization to injury-induced apoptosis (Fig. 4). Fourth,
0 ElA gene mutations that caused the oncoprotein to
CL 20< lose the ability to induce cytolytic susceptibility also

10 -caused loss of ElA-induced sensitization to injury-in-
duced apoptosis (Fig. 5). Fifth, ElA sensitization to

E oA - wt RG2 wt RG2 - RG2 injury-induced cell death was specific for apoptosis,
u Bsince EIA did not sensitize cells to injury-induced ne-

Hu NK BR Etop crosis (Fig. 3). This specificity of ElA sensitization for

FIG. 5. Failure ofElA mutant oncoproteins that cannot bind the apoptotic injury is compatible with our reported obser-
cellular p300 transcriptional coactivator to sensitize mouse (A) and vation that ElA does not sensitize cells to necrotic cell
human (B) cells to apoptotic injuries. (A) NIH-3T3 transfected clones, death induced by treatment with antibody plus com-
3T3-PSdl and 3T3-NCdl, were compared with EIA-negative (NIH- plement [18]. All of these observations support the
3T3) and ElA-positive (3T3-E1A) controls for sensitivity to apoptosis conclusion that ElA sensitization to apoptotic injury
induced by either cytotoxic lymphocytes (CLs; 4.1 cells at a killer and EiA-induced susceptibility of target cells to lysis
cell-to-target cell ratio of 6:1) or beauvericin (final concentration = 10
gM). Bars represent the mean -_ SEM results of three experiments by killer cells are manifestations of the same ElA
with each type of injury. Binding of wild-type or mutant E1A pro- oncoprotein activity.
teins to p300 as detected by immunoprecipitation with ElA-specific CLs can induce both apoptotic and necrotic cell death
antibody followed by immunoblotting with anti-p300 antibody as responses, depending on the target cell tested [20, 28,
described [9] is indicated. 3T3-PSdl cells (no E1A-p300 binding
detected) were significantly less susceptible to apoptosis induced by 31, 54, 601. The data in this report show that the major
both types of injuries than cells expressing either wild-type E 1A or mechanism by which ElA renders cells more suscepti-
E1A-NCdl (P < 0.05), both of which showed EIA-p300 binding. In ble to CL-induced lysis is ElA sensitization to apopto-
contrast, 3T3-NCdl cells were equally susceptible to CLs and beau- sis, not necrosis. ElA expression did not sensitize cells
vericin compared with 3T3-ElA cells. (B) Human H4 fibrosarcoma to either CL-induced or chemically (gramicidin) in-
cells transfected with the ElA point mutation gene 12S.RG2 were
compared with nontransfected parental cells and cells transfected
with the wild-type (wt) ElA gene for susceptibility to three types of
proapoptotic injuries. Hu NK = human natural killer cell assay
results, using a 200:1 blood mononuclear cell-to-target cell ratio and experiments with each type of injury. H4-RG2-CL39 cells were sig-
a cocultivation period of 6 h. BR = beauvericin at final concentration nificantly less susceptible to injury-induced apoptosis triggered by
of 11 gM in 6-h apoptosis assays. Etop = etoposide at a final con- all three types of injury than cells expressing wt E1A (P < 0.05), but
centration of 100 jig/ml in 18-h apoptosis assays. Bars represent the RG2-CL-39 cells were not significantly more susceptible to proapop-
mean ±_ SEM results of two (BR) or three (Hu NK and Etop) totic injury than parental, ElA-negative H4 cells.



ElA SENSITIZATION TO KILLER CELL-INDUCED APOPTOSIS 421

duced necrosis. These results suggest the conclusion apoptosis by ElA is the consequence of its stimulation
that pronecrotic activities of CLs are not important in of unscheduled cellular DNA synthesis that, in turn,
the in vivo rejection of ElA-expressing tumor cells by triggers a p53-dependent apoptosis pathway. In stud-
immunocompetent animals. ies from one laboratory, it was shown that ElA can

There was a strong correlation between increased promote apoptosis in virally infected cells indirectly
levels of ElA oncoprotein expression and sensitization through transcriptional activation of the adenoviral E4
to killer cell-induced apoptosis in these studies (Fig. 2). gene which then triggers p53-independent apoptosis
These results provide an explanation for the ElA ex- [35, 52]. In another report, ElA was shown to cause
pression level dependence of expresser cell susceptibil- apoptosis of virally infected cells independently of both
ity to killing by NK cells, activated macrophages, and E4 and p53 expression [7]. The requirement for injury
TNFa. For example, we reported that adenovirus-in- of cells stably expressing ElA to undergo apoptosis
duced susceptibility of infected hamster fibroblasts to distinguishes the ElA activity described in this report
killing by activated macrophages increases with in- from studies in which E1A expression itself causes
creasing multiplicity of viral infection and the concom- cellular apoptosis during viral infection. The E1A-
itant increased expression of viral early proteins, in- transfected cell lines studied here, and others we have
cluding ElA [12]. We also observed that high-level, but
not low-level, ElA oncoprotein expression causes in- tested, are viable during long-term tissue culture pas-
creased susceptibility of BHK-21 cells to NK cell killing sage and, where evaluated, have induced tumors in
[19] and of NIH-3T3 cells to killing by NK cells, acti- imeunodecient rans [8, 9,n13 , therefore n
vated macrophages, and recombinant TNFa [16]. All these selected, EfA-transfected cell lines, there are no
three of these types of immune-mediated injuries can apparent adverse effects ofEiA oncoprotein expression
induce apoptosis in susceptible target cells. These cor- until the cells are exposed to proapoptotic injuries. The

relations lead us to suggest that the loss of tumorige- viability of these ElA-expressing cells does not require
nicity of ElA-expressing BHK-21 cells in immunocom- coexpression of other collaborating genes, such as EIB
petent (but not immunodeficient) animals represents [43].
the in vivo consequence of E lA sensitization of tumor Other reports of E lA-induced sensitization of cells to
cells to immune-mediated apoptosis [19, 55]. nonimmune, proapoptotic injuries have demonstrated

The reasons for the time delay between reaching a requirement for p53 expression for this ElA effect
maximum ElA expression in the inducible NIH-3T3 [33, 34]. This p53 requirement is also similar to that
cell line, C3.11, and detection of maximum sensitiv- reported in most of the aforementioned studies of EIA-
ity to apoptotic injury (Fig. 2B) are unknown. It is related apoptosis occurring during viral infection or
possible that, as the ElA oncoprotein is expressed, it the establishment of the immortalized state. Our un-
must alter the function of one or more targeted cel- published results indicate that ElA-induced cytolytic
lular molecules, such as the p300 transcriptional susceptibility and ElA sensitization to immune-medi-
coactivator, before complete sensitization to apopto- ated apoptosis are independent of p53 expression (J. L.
tic injury can be achieved. This would suggest that a Cook, B. A. Routes, T. W. Walker, and K. L. Colvin,
certain threshold of titration of the targeted mole- submitted for publication). Whether all of these rela-
cule(s) by ElA must occur before cellular sensitiza- tionships between cellular sensitization to apoptotic
tion to apoptotic injury is complete. We have re- injury and ElA expression during infection, immortal-
ported a correlation between ElA interactions with ization, and stable transfection using different assays
the p300 transcriptional coactivator and induction of of apoptosis are different manifestations of the same
susceptibility of Ad-infected and ElA-transfected ElA activity and whether there are different E1A-
cells to killing by natural killer lymphocytes [9]. controlled cellular pathways that affect the cellular
Most reports indicate that E1A-p300 interactions apoptotic response are questions that require further,
result in repression of p300-dependent cellular tran- direct comparison studies.
scription. It is possible, therefore, that ElA must
titrate a p300-dependent transcriptional response to The authors thank Richard Duke for the idea of using beauveri-
sensitize cells to injury-induced apoptosis. cin and gramicidin as chemical agents to induce apoptosis and

There is evidence that ElA itself can also initiate necrosis, respectively, in susceptible cells; Betty Moran for the
apoptosis, either directly or indirectly, without prior 12S.RG2 plasmid; Steve Frisch for the H4 and P2AHT2A cell
cellular injury. When ElA is expressed during either lines; and Dr. Andrew Lewis, Jr., and Dr. Lauren Sompayrac for

viral infection or initiation of oncogene-induced cellu- providing critical review of the manuscript. This work was sup-

lar immortalization, it triggers apoptosis without a ported by U.S. Public Health Service Grants CA43187 (J.C.) and
fri ortlatny subsequgent ce s winoury 6 CA76491 (J.R.) and Department of the Army Grant DAMD17-98-requirement for any subsequent cellular injury [4, 6, 1-8324 (J.C.). The content of this report does not necessarily

21, 29, 30, 38-40, 42, 43, 47, 48, 58]. Most of these reflect the position or the policy of the government, and no official
reports suggest that this direct induction of cellular endorsement should be inferred.
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ElA Oncogene-Induced Cellular Sensitization to Immune-Mediated
Apoptosis Is Independent of p53 and Resistant to Blockade

by E1 B 19 kDa Protein
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the host cellular immune response, including both ma-
E1A oncogene expression sensitizes mammalian jor types of cytolytic lymphocytes (CL)-natural killer

cells to apoptosis triggered by cytolytic lymphocytes (NK) cells and cytotoxic T lymphocytes (CTL)-acti-
(CL) [16]. Most studies suggest that EIA-induced apo- vated macrophages, and tumor necrosis factor a (TNF)
ptosis involves a p53-dependent cellular pathway that [1, 8, 23, 25, 32, 44, 71, 80]. We and others have
is blocked by the E1B 19 kDa gene product. In this postulated that this E1A-induced cytolytic susceptibil-
study, the roles of p53 and E1B 19 kDa were tested for plated tha this o Aduc ed ceptibin-
ElA sensitization to CL-induced apoptosis in contrast ity explains the inability of Ad-transformed cells and
with apoptosis triggered by TNF a or chemical inju- ElA-expressing tumor cells to form tumors in immu-
ries. ElA sensitization to immune-mediated (CL- or nocompetent animals [14, 17, 68, 71, 75, 79, 90]. This

TNF-induced) apoptosis was independent of p53 ex- hypothesis is supported by our recent observation that

pression and was resistant to blockade by E1B 19 kDa elimination of innate and specific cellular immunity in
protein in mouse and hamster cells. In contrast, the vivo also progressively eliminates host rejection of
p53 requirement for chemically induced apoptosis of ElA-positive sarcoma cells (J. M. Routes, S. Ryan, H.
EtA-sensitized cells varied with the agent used to Li, J. Steinke, and J. L. Cook, submitted for publica-
treat cells. Apoptosis induced by diverse chemical tion). The molecular mechanisms by which ElA sensi-
agents (hygromycin, beauvericin, etoposide, H202 ) tizes cells to these immune-mediated injuries are un-
was blocked by E1B 19 kDa expression. Therefore, known, however.
both the p53-dependence and the E1B 19 kDa blockade We have reported that E lA sensitizes cells to killing
of ElA-induced cellular sensitization to apoptotic in- by both types of CL-induced cellular injuries- degran-
jury depend on the type of proapoptotic injury tested. ulation-dependent and Fas-dependent injuries [24].
These data suggest that the mechanisms by which ElA Fas-dependent injury by CL is specific for apoptosis
sensitizes tumor cells to immune-mediated apoptosis [reviewed in 2]. CL-induced, degranulation-dependent
and to rejection by immunocompetent animals do not injury mediated by the collaborative interaction of per-
require cellular expression of wild-type p53 and can forin and granzymes can cause either apoptosis or ne-
function independently of the Bcl-2-like, antiapoptotic crotic cell death, apparently depending on the target
mechanisms of E1B 19 kDa. © 1999 Academic Press

Key Words: adenovirus; ElA; cytolytic lymphocyte; cell type and assay conditions [27, 82, 89]. Our recent
tumor necrosis factor alpha; apoptosis; p53; E1B 19 studies indicate that degranulation-dependent injury

kDa. by CL causes apoptotic, and not necrotic, cell death in
ElA-expressing rodent fibroblasts [16]. We were,
therefore, interested in testing the cellular require-
ments for CL-induced apoptosis of ElA-positive cells.

SINTRODUCTION p53 antioncogene expression is required in other cir-
cumstances in which ElA induces apoptosis, including

xres s ofd) thpes E la oncognders ofmalian adel rov- viral infection and oncogene-induced cellular immor-
severuls(A peies 2usceptible and 5re s m omaancels ofrm talization [9, 29, 53, 62, 66, 67, 73, 93]. Testing of the
several species susceptible to lysis by components of rl fp3i l-nue estvt oC-nue

role of p53 in E1A-induced sensitivity to CL-induced

apoptosis has not been reported. However, the follow-
To whom correspondence and reprint requests should be ad- ing indirect evidence suggested that p53 could be in-

dressed at Infectious Diseases Section (MC735), Department of Med- volved. It has been proposed that ElA-induced, p53-
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scriptional coactivator for p5 3 [52, 78, 83]. Further- S. Frisch and expresses ElA 243R protein (encoded by the ElA 12S
more, ElA-induced cellular sensitization to killing by cDNA) at a level comparable to the ElA in 13-2 cells.

Three cell lines were used for studies testing EIB 19 kDa effects on
CL maps to the p300 binding regions of ElA [151. sensitivity to apoptotic injury (Fig. 4)-NIH-3T3 (ElA- and EIB-

E1A-related, p53-dependent apoptosis can be negative), F411 (ElA-positive, EIB-negative), and E1PB9 (ElA-pos-

blocked by coexpression of the Ad EIB 19 kDa onco- itive, EIB 19 kDa-positive). F411 was created by transfecting NIH-
gene [4, 29, 67, 72]. E lB might protect virally infected 3T3 with plA-pac and selecting E iA-expressing clones in puromycin.

cells from undergoing premature, ElA-induced apopto- E1PB9 was created by cotransfecting NIH-3T3 with the plasmids
p5XhoI-C [3] and pPUR (Clontech, Palo Alto, CA) and selecting

sis. The E1B protective effect might also explain the ElA-expressing clones in puromycin. A second selection was done to

increased efficiency of cellular immortalization of ro- identify ElA-positive clones that expressed ElA 19 kDa protein, as

dent cells cotransfected with ElA and EIB compared assessed by immunoblotting using the antibody, 1Gli (Oncogene

to cells transfected with E1A alone. E1B 19 kDa block- Sciences, San Diego, CA). The BHK-21 lines (Fig. 7C) have been

ade of apoptosis triggered by exogenous cellular inju- described [26, 90]. The cell line represented as BHK-EIA+EIB is
BHK-D5 that expresses ElA and EIB 19 kDa oncoproteins at high

ries is variable. E1B 19 kDa can block TNF-induced levels. The cell line represented as BHK-E1A is BHK-B2 which

apoptosis [10, 37, 42, 93], but this can be cell-type- or expresses only ElA oncoproteins at the same high level as BHK-D5

species-specific [48, 87]. This is similar to the cell- cells [26].

system-specific, TNF blocking effect of Bcl-2 [691, the Assays of injury-induced apoptosis. CL-induced apoptosis of

antiapoptotic cellular gene with which E1B shares lim- mouse target cells was assessed using the mouse CTL clone, 4.1 [46],
in lectin-dependent cellular cytotoxicity assays as described [24]. 4.1

ited sequence homology and functional activity. E 1B 19 kills by degranulation-dependent mechanisms in calcium-rich me-
kDa and Bcl-2 blockade of Fas-induced apoptosis is dium and cannot mediate Fas-dependent killing without prior acti-

also variable [10, 12, 60, 77, 84]. Our previous reports vation of Fas-ligand expression [24]. Degranulation-dependent, Fas-

showed no E1B blockade of ElA-induced susceptibility independent killing by 4.1 was used here. CL-induced apoptosis of
human osteosarcoma cells was assessed using human NK cells asto CL-induced killing of Ad-infected, Ad-transformed, described [25, 71]. Recombinant mouse TNF a (Genzyme, Cam-

or oncogene-transfected tumor cells [25, 71, 901, sug- bridge, MA), hygromycin (Cal Biochem, La Jolla, CA), beauvericin
gesting that E1B 19 kDa might not effectively block (Sigma, St. Louis, MO), etoposide (Sigma) and HO (Bergen Brun-

ElA-induced sensitization to CL-induced apoptosis. swig, Orange, CA) were tested in dose-response studies of NIH-3T3

In these studies, p53-negative and p53-positive and ElA-positive, 13-2 to define optimal concentrations for detecting
EiA-specific sensitization to apoptotic injury (Table 1). Apoptosis

mouse cells were compared for ElA-induced sensitiza- induced by these agents was assessed by evaluating the nuclear
tion to immune-mediated or chemically triggered apo- morphology of injured cells [33]. All of these injuries induced nuclear

ptosis. Mouse and hamster cells expressing ElA alone fragmentation and chromatin condensation in ElA-positive target

or coexpressing ElA plus E1B 19 kDa were contrasted cells. In contrast, less than 5% of cells injured with any agent showed
to tthe efficacy ofEB blockade ofEA sensitization the diffuse nuclear staining with ethidium bromide that indicates

cellular necrosis. Low-molecular-weight DNA release from injured
to apoptosis. The results showed that expression of cells [331 was used as a second test to define apoptotic cell death. Our

wild-type p53 was not required for ElA to sensitize studies have validated the use of ["1Cr] release (6 h for CL, NK, and
cells to immune-mediated apoptosis, but that some beauvericin and 18 h for TNF, hygromycin, etoposide, and H2 0 2 ) to

types of chemically induced injuries required p53 to quantitate apoptotic death in assays such as these where injury-
induced necrosis has been excluded [16]. The significance of thetrigger apoptosis of E1A-sensitized cells. ElA sensiti- differences in apoptotic cell death was estimated by analysis of

zation to immune-mediated apoptosis was resistant to variance using the JMP program from SAS Institute.
E1B 19 kDa blockade, whereas E1B blocked apoptosis
induced by several different types of chemical injuries. RESULTS
The implications of these observations for the mecha-
nisms by which ElA sensitizes cells to immune-medi- ElA-induced sensitization of target cells to immune-
ated apoptosis and to rejection by immunocompetent mediated apoptosis does not require p53 expression.
animals are discussed. To test the p53 requirement for immune-mediated apo-

ptosis, assays of degranulation-dependent killing by CL
were used to compare apoptotic injury of ElA-expressing,

MATERIALS AND METHODS p53-negative, and p53-positive mouse fibroblasts. ElA
expression caused p53-negative, (10)3 cells to become asCell lines. NIH-3T3 cells were obtained from the ATCC. The sensitive to CL-induced apoptosis as EiA-positive, p53-

ElA-positive clone, 13-2 (represented in the figures as 3T3-EIA), has p p p p
been described [23]. 13-2 expresses high-level ElA 289R oncoprotein positive, NIH-3T3 cells, across a 10-fold range of CL to
encoded by the ElA 13S cDNA. (10)3 cells are 3T3-like, mouse target cell ratios (Fig. 1). Therefore, p53 expression was
fibroblasts with a mutation that creates a stop codon in the p53 not required for either the mechanism by which CL in-
coding sequence and have no detectable p53 protein [41]. (10)3-ElA jured cells or the mechanism by which E1A sensitized
(Figs. 3, 6, and 7 and Table 1), refers to a (10)3 subclone, A22, that cells to apoptotic injury. Identical results were obtained
expresses E1A at a comparable level to 13-2 by immunoblotting with
the monoclonal antibody, M73 [40]. A22 was created by transfection with the p53-negative, human Saos-2 cells [31], in which
of (10)3 with the plasmid, plA-pac, and selection in puromycin. The E1A expression caused increased susceptibility to apo-
ElA-positive, Saos-2 human osteosarcoma cell line was provided by ptosis induced by human NK cells (Fig. 2).
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sitization of mouse fibroblasts to chemotherapeutic
60 agents and ionizing irradiation is strictly p53-depen-

dent [55]. This suggested the possibility that the apo-
- 50 ptotic sensitivity of E 1A-positive cells could be a func-
._• tion of a p53 requirement for triggering apoptosis by
0. 40 certain injuries, and not a reflection of whether ElA
0 had sensitized the cells to injury-induced apoptosis per
0.
< 30 se. To test this, different chemical injuries (hygromy-
V_ . cin, beauvericin, etoposide, and H2 02 ) were contrasted

S20- with CL- and TNF-induced injuries for induction of
apoptosis in p53-positive and p53-negative mouse cells

10 "expressing ElA (Table 1). ElA-positive, p53-positive

cells were susceptible to apoptosis induced by all six
types of injuries. In contrast, ElA-positive, p53-nega-

0 tive cells were susceptible to apoptosis induced by CL,
1 3 6 12 TNF, and hygromycin, but were highly resistant to
4.1 Cell:Target Cell Ratio apoptosis induced by beauvericin, etoposide, and H 20 2.

o NIH-3T3 A (10)3 (p53-neg) The hygromycin result showed that some chemical in-
* 3T3-E1A A (10)3-E1A (p5-neg) juries do not require p53 expression to trigger apopto-

sis in E1A-sensitized cells. The beauvericin, etoposide,
FIG. 1. ElA-induced sensitization of mouse fibroblasts to apop- and H 20 2 results showed that other chemical injuries

tosis induced by cytolytic lymphocytes (CL) is not affected by the can require p53 expression to trigger apoptosis in ElA-
absence of cellular, p53 expression. p53-negative, (10)3 cells were sensitized cells. More important as a general observa-
contrasted with p53-positive, NIH-3T3 cells for the ability to exhibit
ElA sensitization to CL-induced apoptosis. The mouse CTL clone, tion was that the apparent sensitivity of E1A-express-
4.1, was used as the source of CL-induced injury in these experi- ing cells to apoptosis is completely dependent on the
ments. Points represent the mean ± SEM results of three experi- type of proapoptotic injury chosen for the experiment.
ments in which CL-induced apoptotic cell killing was quantitated at EIB 19 kDa protein cannot prevent ElA sensitization
CL:target cell ratios from 1:1 to 12:1. E1A-positive, p53-negative
cells were equally susceptible to CL-induced apoptosis as ElA-posi- to immune-mediated apoptosis but can block apoptosis
tive, p53-positive cells (P > 0.10). ElA-negative cells of both types
were resistant to CL-induced apoptosis. ElA-positive cells of both
types were significantly more susceptible to CL-induced apoptosis 60
than were the respective ElA-negative cells (P < 0.05).

50
In addition to cytotoxic T lymphocytes and NK cells Sa -

(the main types of CL in vivo), the activated macro- -0 SaosElA
phage is another major component of the host cellular "0
immune response to neoplastic cells. The main cyto-
toxic mediator used by activated macrophages is the a 30
cytokine, TNFa, which is responsible for the majority<V
of macrophage cytolytic activity against ElA-positive 20 a -
cells [23]. TNF can induce p53-dependent cellular re- V-

sponses [43, 94], but can also trigger apoptosis in the . -
absence of p53 [47, 95]. To test the p53 requirement for
ElA sensitization to TNF-induced apoptosis, the same _1

set of p53-negative and p53-positive mouse cells used 0 12 25 50 100
for CL apoptosis assays was tested for apoptotic sensi- Blood Lymphocyte: Target Cell Ratio
tivity in TNF dose-response experiments (Fig. 3). ElA
expression sensitized p53-negative and p53-positive FIG. 2. E1A sensitizes p53-negative, human tumor cells to NK

mouse fibroblasts equally to TNF-induced apoptosis. cell-induced apoptosis. Human Saos-2, osteosarcoma cells stably ex-

Therefore, p53 expression was not required for the ElA pressing ElA oncoprotein but lacking the p53 gene were compared
with ElA-negative control cells for sensitivity to killer-cell-induced

activity that sensitizes cells to injury by either CL apoptosis. Human NK cells were used as the source of CL-induced
(Figs. 1 and 2) or TNF (Fig. 3). injury. Points represent the mean -_ SEM results of six experiments

The p53 requirement for ElA-induced cellular sensi- in which apoptotic killing by human NK cells was quantitated at
blood lymphocyte:target cell ratios from 12:1 to 100:1. ElA-positive,

tization to apoptosis is dependent on the proapoptotic Saos-2 cells were significantly more susceptible to NK-cell-induced
injury tested. In contrast to these results of immune- apoptosis than E1A-negative cells at blood lymphocyte:target cell
mediated cellular injury, it is reported that ElA sen- ratios of 50:1 and 100:1 (P < 0.05).
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sis of cells expressing only ElA (Fig. 4). EIB 19 kDa
50 had no significant inhibitory effect on apoptosis in-

duced by either CL or TNF in these assays. In contrast,
EIB 19 kDa coexpression blocked ElA-induced sensi-

40' tization to apoptosis induced by hygromycin, beauveri-
o cin, etoposide, and H,0 2 down to levels that were notS~ 3T3-E1A
O 30' significantly different from those observed with E lA-

negative, NIH-3T3 cells. The ability of E1B 19 kDa to

O- block ElA sensitization to apoptosis was not linked too 20'
0. the p53-dependence of the injury (Table 1), since hy-gromycin (a p53-independent injury) and all three p53-

103T3 dependent injuries (beauvericin, etoposide, and H20 2)
• -~~~-- (10)3 were blocked, but CL and TNF (both p53-independent

injuries) were not.
6 12 25 50 EIB 19 kDa protein expression does not block ElA

[TNF] (ng/ml) sensitization immune-mediated apoptosis in either
mouse fibroblasts or hamster sarcoma cells. The abil-

FIG. 3. ElA sensitization to TNF-induced apoptosis is indepen- ity todee blokad e of ced The by

dent of p53 expression. The same set of NIH-3T3 mouse target cells ity detect blockade of injury-induced apoptosis by

tested in the experiments represented in Fig. 1 was tested for sen- E11 19 kDa and the functionally similar antiapoptotic
sitivity to apoptosis induced by recombinant, mouse TNFa at the molecule, Bcl-2, has varied depending on the injury
indicated TNF concentrations. Points represent the mean -_ SEM and cell system tested [10, 37, 42, 48, 69, 87, 93]. The
results of three experiments. ElA expression induced both p 5 3 - data in Fig. 4 showed that, using relatively high effec-
negative, (10)3 cells and p53-positive, NIH-3T3 cells to become sig- tor to target cell ratios (i.e., 50 CL to 1 target cell) at
nificantly more susceptible to TNF-induced apoptosis than the re-
spective ElA-negative control cells (P < 0.05). There was no which CL-induced apoptosis of ElA-sensitized cells is
significant difference in the TNF sensitivity of ElA-positive, p53- maximized, E1B 19 kDa coexpression did not block
negative cells contrasted with ElA-positive, p53-positive cells (P >
0.10).

TABLE 1

Injury Specificity of the p53-Dependence of ElA

induced by chemical injuries in NIH-3T3 cells. E1B Sensitization to Apoptosis
19 kDa is an adenoviral gene-encoded protein that is a
member of a family of viral and cellular proteins, which Target cells

inhibit apoptosis, with Bcl-2 being the prototype [re- Cell characteristics NIH-3T3 3T3-EIA (10)3 (10)3-ElA
viewed in 92]. E1B 19 kDa, like Bcl-2, can block some
types of proapoptotic injuries, but not others [12, 60, p53 + + - -

64, 69]. We reported that E1B expression does not ElA - + - +

prevent ElA induction of cellular susceptibility of ro- Injury %Apoptosis
dent or human cells to lysis by NK cells, CTL, or
activated macrophages [19, 22, 24-26, 50, 71, 901. CL (E:T = 6:1) 12 _ 5 44 1 4 10 8 2 45 ± 7

Studies were done to test the prediction from those Hygromycin (800 ug/ml) 4 2 56 39 18 - 2 70-4 8

observations that E1B 19 kDa would not block CL- or Beauvericin (12 uM) 1 _ 1 60 - 9 1 _ 1 2 _ 1

TNF-induced apoptosis of ElA-positive cells and to Etoposide (25 uM) 9 ± 4 55 _ 8 7 ± 2 4 - 1

contrast the E1B effects on immune-mediated apopto- Hydrogen peroxide

sis with its effects against chemically triggered apopto- (0.7 mM) 6± 1 51 3 1 t 3 9 3

sis of ElA-positive cells, p53-positive, NIH-3T3 cell Note. The apoptosis sensitizing effect of ElA expression on p53-

clones were used that expressed either ElA alone or negative, (10)3 cells was compared with the ElA effect on p53-

both E 1A and E 1B 19 kDa genes. The levels of E 1A and positive, NIH-3T3 cells using a variety of proapoptotic injuries. The

E1B 19 kDa oncoprotein expression in these clones as percentage of apoptotic cell death was quantitated by radiolabel

detected by immunoblot with oncoprotein-specific release. The apoptotic nature of cell death was confirmed by enumer-
ation of apoptotic nuclei. Each set of data represents the mean ±_

monoclonal antibodies were comparable to the oncop- SEM results of at least three experiments. ElA-positive, NIH-3T3

rotein levels commonly detected in oncogene-trans- cells were significantly more sensitive than EiA-negative NIH-3T3

formed mouse, rat, hamster, and human cell lines cells to apoptosis induced by all six injuries (P < 0.05). E1A-positive,

(data not shown). The apoptotic sensitivities of these (10)3 cells were significantly more sensitive than ElA-negative (10)3

cells were contrasted using six injuries-CL, TNF, hy- cells to cytolytic lymphocytes (CL), TNFa, and hygromycin (P <
0.05). The differences in the sensitivities of ElA-positive and EIA-

gromycin, beauvericin, etoposide, and H 2 0 2-under negative (10)3 cells to apoptosis induced by beauvericin, etoposide,

conditions that had been optimized for causing apopto- and hydrogen peroxide were not significant (P > 0.10).
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0 FIG. 5. NIH-3T3 cells selected for studies of the effects of ElA 19
ElA - + + - + + - + + kDa protein expression on ElA sensitization to injury-induced apop-

Elm 19 kD - - + - - + - - + tosis express a high level of E11B 19 kDa oncoprotein. Quantitative

CL TNF Hygro immunoblot analysis of EIB 19 kDa protein expression in an NIH-
3T3 cell clone (E1PB9) selected for coexpression of ElA and E1B

p53-Independent Injuries contrasted with E1B 19 kDa expression in 293 cells which were
B known to stably express E1B 19 kDa at a high level. Nontransfected

80- NIH-3T3 cells and NIH-3T3 cells transfected with only the ElA gene
(3T3-E1A) served as E1B-negative controls.

70

o 60- ElA sensitization to CL-induced apoptosis in a single
- NIH-3T3 cell line.

=- 50 Several possibilities were considered to explain this
0 failure of apoptosis blockade by E1B, including inade-

40.
.2 quate ElB 19 kDa protein expression, another prop-

S30 erty unique to that cell line (E1PB9) which could pre-
0 vent EB 19 kDa from blocking apoptosis, and

<: 2o0 excessive CL-induced cell injury which prevented de-
tection of limited EIB 19 kDa blockade. EIB 19 kDa

10 protein expression level in E1PB9 cells was compared
0o quantitatively to that detected in the E1A+E1B-ex-
ElA - + + - + + - + + pressing human cell line, 293 [39], which, in our com-

ElB19kD - - + - - + - - + parison immunoblotting studies, consistently ex-
Beauv Etop H2 02  presses EiB 19 kDa at the highest level among several

I p

p53-dependent Injuries adenovirus-transformed or oncogene-transfected mam-
malian cell lines. E1PB9 expressed a steady state level

FIG. 4. E1B 19 kDa protein expression does not block ElA of E1B 19 kDa protein that was comparable to that of
sensitization to immune-mediated apoptosis, but blocks chemi- 293 cells (Fig. 5). Therefore, low-level expression of
cally induced apoptosis of E1A-positive cells. NIH-3T3 cells ex- E1B 19 kDa protein in E1PB9 did not explain the
pressing either ElA alone (E1A+ = 3T3-E1A cells) or both the
ElA and the E1B 19 kDa oncoproteins (E1A+, E1B 19 kDa+ = failure of EiB to block CL-induced apoptosis of these
E1PB9 cells) were tested under conditions which had been opti- ElA-sensitized cells.
mized for triggering apoptosis of ElA-positive cells by the six Experiments were done to test the possibilities that
different injuries indicated. The three injuries represented in A the failure of E1B 19 kDa blockade was caused by
(CL, TNF, and hygromycin) induced apoptosis independently of another trait (unrelated to E1B protein expression
target cell p53 expression, whereas the three injuries represented
in B (beauvericin, etoposide, and H 202 ) required p53 expression to level) unique to the E1PB9 or to NIH-3T3 cells. We also
induce apoptosis (Table 1). Bars represent the mean ± SEM tested the possibility that the high killer cell to target
results of three or four experiments in which each injury was cell ratio used in the studies shown in Table 1 created
tested against all three cell types. ElA-positive cells were signif- a proapoptotic injury that could not be overcome by
icantly more sensitiveato apoptotic death caused by all six injuries EiB 19 kDa. For these purposes, we tested different
than ElA-negative cells (P < 0.05). E1B 19 kDa protein coexpres-
sion had no inhibitory effect on the sensitivity of EiA-positive target cell types and a range of CL to target cell ratios.
cells injured with the two immune mediators of apoptosis, CL, and Mouse (10)3 fibroblasts expressing either ElA alone or
TNFa (P > 0.10). In contrast, E1B 19 kDa coexpression caused a E1A+E1B 19 kDa were compared with similar NIH-
significant reduction in the ability of all four chemical injuries to 3T3 clones (Fig. 6). Even at low CL to target cell ratios,
induce apoptosis in ElA-positive cells (P < 0.05), resulting in a
reduced level of apoptosis sensitivity that was not significantly there was no significant, E1B-related reduction in the
greater than that exhibited by ElA-negative, NIH-3T3 cells (P > apoptotic sensitivity of either type of ElA-positive
0.10). mouse fibroblast (Figs. 6A and 6B). In fact there was a
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A 60- trend toward increased CL-induced apoptosis of the
EiA+EIB-positive (10)3 cells vs the ElA-only-express-
ing (10)3 cells across the whole range of E:T ratios (Fig.

• 50 3T3-E1A 6B). These findings were consistent with our reports
that ElA-sensitized, BHK-21 hamster cells are no less3T3-E1A+E1B sensitive to CL-induced killing when they coexpress0 high levels of EiB 19 kDa [26] and that human 293 and

ti 40 HE1-E1 cells, both of which coexpress ElA and high
levels of E1B 19 kDa, are highly sensitive to CL-in-

30 duced killing [711.
S30- The possibility that cell-type- or species-specific dif-

_ ferences could explain the lack of E1B 19 kDa blockade
_1 3T3 of TNF-induced apoptosis in ElA-expressing cells was

o 20 also tested. The same sets of NIH-3T3 and (10)3 cells
tested against CL-induced injury were compared with
the BHK-21 cell lines, BHK-21 clone 13.8 (no oncogene

10 1expression), BHK-B2 (ElA expression only), and
6 1'2 25 50 BHK-D5 (ElA + E1B coexpression) [26] (Fig. 7). EIB

19 kDa-related differences in TNF-induced apoptosis
4.1 Ceii:Target Cell Ratio in these experiments varied with both the cell type and

the TNF concentration tested. For example, in compar-
B 80 ison studies of NIH-3T3 cells, E1B 19 kDa coexpression

resulted in a significant reduction in the apoptotic sen-
70 sitivity of ElA-positive cells at low (6 and 12 ng/ml),

but not high (25 and 50 ng/ml), TNF concentrations
S60- (10)3-E1A+E1B (Fig. 7A). This result suggested that a weak blockade of

TNF-induced apoptosis can be detected in vitro, but
Cn (10)3-ElA that this E 1B effect is overcome at higher TNF concen-
0 trations. Experiments with (10)3 mouse cells and
a. 40BHK-21 hamster cells showed no blocking effect of EiB
@ 4.19 kDa against TNF-induced apoptosis of EiA-sensi-

o 30 tized cells. Indeed, with both of these types of cells,
V• there was a trend toward increased TNF-induced apo-

ptosis with ElA + E1B-expressing cells compared with
0 (10)3 cells expressing ElA alone (Figs. 7B and 7C).

10- DISCUSSION

0 These studies show that the mechanism by which
the EIA oncoprotein sensitizes mammalian cells to

4.1 Cell:Target Cell Ratio immune-mediated apoptosis does not require expres-
sion of p53 in either rodent fibroblasts (Fig. 1) or hu-
man tumor cells (Fig. 2). These results suggest that

FIG. 6. EIB 19 kDa coexpression does not block CL-induced FlA-induced sensitization to immune-mediated apo-
apoptosis of either ElA-expressing NIH-3T3 cells or ElA-express- ptosis should be effective in other rodent or human
ing (10)3 cells across an eightfold range of killer cell to target cell tumor cells that lack p53 or in which p53 mutations
ratios. NIH-3T3 (A) and (10)3 (B) cells expressing either ElA render the antioncogene nonfunctional. In contrast,
alone or EIA + EIB 19 kDa were compared with nontransfected these data (Table 1) and those of others [54, 55] indi-
parental cells for sensitivity to CL-induced apoptosis using the cate t
mouse CTL clone, 4.1, as the source of CL-induced injury. Points
represent the mean -_ SEM of three experiments with each set of injuries can require p53 expression, even if the cells
target cells. The sensitivity to CL-induced apoptosis of NIH-3T3 or being tested are highly sensitive to p53-independent,
(10)3 cells coexpressing EIA + E1B 19 kDa was not significantly proapoptotic injuries.
different from that of the cells of the same type expressing EIA The CL assays used for these studies were done so
alone. Both NIH-3T3 and (10)3 cells expressing either EIA alone
or E1A + E1B 19 kDa proteins were significantly more sensitive to that the apoptosis of ElA-positive target cells was
CL-induced apoptosis than the respective, ElA-negative parental caused by degranulation-dependent injury and not by
cells (P < 0.05). injury caused by CL-expressed Fas ligand [24]. This
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A distinction separates the mechanism of CL-induced in-
60- jury that was tested here from the triggering mecha-

3T3-E1A nism involved in TNF-induced apoptosis, which is
50- 3T3-E1A+ElB analogous to the Fas mechanism [reviewed in 2]. TNF

triggering of apoptosis is caused by binding of this
40- cytokine to its cell surface, heterodimeric receptors

that activate the caspase cascade through TNF-recep-3 tor-associated proteins [reviewed in 2].0 30-
.o The chemical injuries tested were also selected be-

20 cause of the differences in their mechanisms of trigger-
a20-a ing apoptosis. For example, hygromycin is a protein

10' synthesis inhibitor that likely initiates apoptosis
10 . - 3T3 through a mechanism that is completely different from

that of either CL or TNF. Although it is not known how
0 12 25 50 these three different types of injuries converge to cause

cellular apoptosis, it is clear that none of them requires
[TNF] (ng/ml) p53 expression to induce apoptosis in ElA-sensitized

mouse fibroblasts (Table 1 and Fig. 4A). In contrast,
apoptosis induced in E lA-positive cells by three other,

B 70 diverse types of chemical injuries--beauviricin (potas-
sium ionophore), etoposide (topoisomerase II inhibitor)

60 (10)3-ElA+EIB and H202 (source of reactive oxygen intermediates)-
was strictly p53-dependent (Table 1). The diversity of

50 the injury mechanisms that can trigger apoptosis in
(10)3-ElA ElA-positive cells strongly suggests that the mecha-

6 40 nism of E 1A-induced sensitization does not involve any
(D
_ 30 one specific type of apoptosis initiating signal. Instead,o 30

1 20
< FIG. 7. E1B 19 kDa coexpression had a variable effect on TNF-

10 induced apoptosis of ElA-positive cells mouse and hamster cells that
1 A A (10)3 was cell-type-specific and was eliminated at high TNF concentra-

0 tions. NIH-3T3 cells (A), (10)3 cells (B) (both mouse fibroblast cell

6 12 25 5'0 lines), and BHK-21 hamster cells (C) expressing ElA alone or coex-
pressing ElA + E1B 19 kDa were tested for sensitivity to apoptosis

[TNF] (ng/ml) induced by recombinant, mouse TNF at the indicated TNF concen-
trations. Points represent the mean t SEM results of five (A), six (B),
or four (C) experiments. There was a TNF-concentration-dependent

C effect of E1B 19 kDa expression on TNF-induced apoptosis of E1A-
50" positive mouse cells. (A) At low TNF concentrations (6 and 12 ng/ml)

E1B 19 kDa coexpression was associated with reduced sensitivity of
BHK-21-ElA+E1 B ElA-positive, NIH-3T3 cells (P < 0.05), whereas at high TNF con-

40" Tcentrations (25 and 50 ng/ml), there was no significant difference in
the TNF sensitivity of cells expressing ElA + E1B 19 kDa vs ElA

BHK-21-ElA alone. (B) The results with (10)3 cells were opposite to those with
NIH-3T3 cells at low TNF concentrations where E1B 19 kDa coex-

C 30" pression was associated with increased sensitivity of ElA-positive

o cells to TNF-induced apoptosis (P < 0.05). As had been observed with
.o0 the NIH-3T3 lines, there was no significant difference in the sensi-
o 20 tivity of (10)3 cells expressing E1A + E1B 19 kDa vs EIA alone at
o high concentrations of TNF. (C) In contrast to the results with the

< two mouse cell lines, there was no significant difference in the
10 sensitivity of BHK-21 cells to TNF-induced apoptosis resulting from

E1B 19 kDa coexpression with ElA vs cells expressing ElA alone.
BHK-21 There was a consistent trend toward increased TNF sensitivity of the

0 cells coexpressing ElA + E1B kDa, however, at all TNF concentra-
6 12 25 50 tions tested, cells of all three types that either expressed ElA alone

or E1A + E1B 19 kDa proteins were significantly more sensitive to
[TNF] (ng/mI) TNF-induced apoptosis than the respective, nontransfected control

cells (P < 0.05).
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these results favor the conclusion that ElA affects a tion to apoptotic injury. We have observed that tran-
later stage in the cellular response to apoptotic injury. sient expression of EIA oncoproteins, without cell se-

The marked difference among proapoptotic agents in lection, results in exactly the same ElA-induced
the p53 requirement to initiate injury of ElA-sensi- sensitization to apoptotic injury as is reported here
tized cells raises questions about the role of p53 in with the stable, EiA-expressing cells. In one such ex-
apoptosis initiation. Perhaps the best known example periment, p53-positive NIH-3T3 cells were induced to
of the variable role of p53 in the injury-initiation phase express ElA following IPTG treatment. These cells
of apoptosis is from mouse thymocyte studies [13, 56]. exhibited the same ElA-induced sensitization to im-
DNA damage of thymocytes caused by ionizing radia- mune-mediated (J. L. Cook, unpublished data) and
tion is p53-dependent for inducing apoptosis, whereas chemical [16] apoptotic injuries that was observed in
glucocorticoids and calcium-dependent activating the studies presented here. In a second type of exper-
agents that mimic T cell receptor engagement induce iment, NIH-3T3 cells transiently transfected with an
apoptosis independently of p53 expression. Growth fac- ElA expression plasmid were highly sensitive to TNF-
tor withdrawal from mouse lymphoma cells can also induced apoptosis within days after transfection and
require p53 to initiate cellular injury [38]. These data without any cell selection (J. L. Cook, unpublished
support the conclusion that it is the cellular mecha- data). Therefore, it is unlikely that any cellular muta-
nism of injury initiation that is p53-dependent, not the tions are required to complement ElA activities to
inherent apoptotic sensitivity of the thymocytes. induce sensitization to apoptotic injuries.

We propose this same interpretation of the ElA data There have been other reports of p53-independent,
presented here. Our results suggest that it is the apo- ElA-induced apoptosis. However, most of these obser-
ptosis initiation mechanism that either is or is not vations appear to be related to an indirect effect of
dependent on p53 expression, not the cellular mecha- ElA, resulting from its activation of an Ad E4 ORF4
nism through which ElA sensitizes cells to apoptotic gene product which, in turn, induces p53-independent
injury. This could reconcile apparent differences be- apoptosis through a mechanism that remains to be
tween our results and the conclusions of previous re- defined [11, 49, 57, 81, 85]. In another report of TNF-
ports on the role of p53 in ElA sensitization of mouse induced, p53-independent apoptosis in which the tar-
cells to injury-induced apoptosis. Studies by Lowe and get cells expressed ElA [47], the cells also expressed a
colleagues indicated that EIA sensitization of mouse mutant ras oncogene that has been reported to vari-
fibroblasts to apoptosis is dependent on p53 expression ably increase or decrease the cellular apoptotic re-
[54, 551. Ionizing radiation, chemotherapeutic agents sponse [5-7, 34, 35, 45, 61, 91]. Indeed, mutant ras
(including etoposide), and serum withdrawal were expression itself can cause p53-independent apoptosis
used as the proapoptotic stimuli in their experiments. [58]. Therefore, it is difficult to assess the independent
In our experiments, etoposide-induced apoptosis of role of ElA in sensitizing cells to proapoptotic stimuli
ElA-positive mouse cells required p53 expression, but when the cells coexpress mutant ras.
the same ElA-positive, p53-negative cells that were The antiapoptotic activity of E1B 19 kDa was either
resistant to etoposide-induced apoptosis were highly completely or relatively ineffective in blocking the p53-
sensitive to apoptosis induced by CL or TNF (Table 1). independent, proapoptotic injuries inflicted by CL or
It is possible that the ElA-positive, p53-negative TNF on ElA-sensitized cells in these studies (Figs. 4, 6,
mouse cells described by Lowe et al. [54, 55] also would and 7). These results are consistent with our reported
have been found to be susceptible to apoptosis if CL observations that E1B gene expression does not block
and TNF had been tested as proapoptotic injuries. This ElA sensitization to CL-induced killing of Ad-infected
study comparison underscores the importance of test- hamster cells, Ad-transformed hamster, rat, or human
ing a broad range of proapoptotic stimuli, including CL cells, or stably ElA-transfected BHK-21 cells [19, 20,
and TNF a, when assessing the requirement for p53 in 25, 26, 50, 71, 90]. Others have also reported that EIB
determining the apoptotic sensitivity or resistance of coexpression does not block TNF-induced apoptosis of
EIA-expressing cells. ElA-expressing rat or mouse cells [48, 87].

Creation of stable, ElA expressing cell lines, such as These observations can be considered in the context
those used in these studies, involves extensive cell of information on the mechanisms by which CL and
selection. It has been argued that selection of EIA- TNF trigger apoptosis and EIB 19 kDa blocks this
positive cells during cloning could require collateral, response to provide insight into possible mechanisms
cellular gene mutations [88]. Therefore, it is possible by which ElA sensitizes cells to immune-mediated ap-
that one or more such mutations is required for the optosis. Degranulation-dependent killing by CL trig-
apoptosis-sensitive phenotype observed with the EIA- gers the apoptosis cascade primarily through the ac-
positive cells tested in our studies. However, other data tions of granzyme B, which directly activates several
from this laboratory indicate that cell-selection-related cellular caspases, including caspases 8 and 3 [28, 36,
mutations are not required for ElA-induced sensitiza- 59, 64, 701. TNF triggering of apoptosis is initiated by
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its binding and trimerization of the TNF receptor [reviewed in 51] and that ElA expression causes apo-
which, in turn, activates the caspase cascade at the ptosis in tumor cells in vivo [30]. These data suggest
level of caspase 8, through an intermediary protein, that E1B 19 kDa antiapoptotic activity that can be
FADD [reviewed in 2]. Relatively little is known about detected in some in vitro assays is not a significant
the mechanisms by which E1B 19 kDa blocks apopto- factor in vivo in determining the tumorigenicity of
sis. However, it is reported that E1B 19 kDa interferes ElA-expressing tumor cells in immunologically intact
with the function of FADD in its activating interac- animals.
tions with caspase 8 [65]. There are also data suggest- Collectively, the observations in this report indicate
ing that E 1A might activate caspase 8 [63] and that the that the mechanisms by which E1A sensitizes tumor
kinetics of cell injury-induced activation of caspase 8 cells to immune-mediated apoptosis and to rejection by
can be cell-type-specific [76]. It is apparent from these the cellular immune response in vivo does not require
observations that several molecular interactions in the cellular expression of wild-type p53 and can function
initiation of the caspase cascade could influence the independently of the Bcl-2-like, antiapoptotic activities
balance between injury-induced activation of apopto- of E11B 19 kDa. The precise molecular mechanism(s) of
sis, ElA enhancement of this activation, and the abil- ElA-induced, p53-independent sensitization of cells to
ity of E1B to block it. There is also evidence that CL apoptosis triggered by immune-mediated injuries and
injury can completely bypass the caspase activation other proapoptotic stimuli remains to be defined.
sequence to induce apoptosis [74, 86]. Therefore, it is
possible that ElA activates a step in this less well The authors thank Drs. John Routes and Lauren Sompayrac for

defined, "postcaspase" stage in the cellular apoptotic providing critical reviews of the manuscript. This work was sup-

response. Another possibility is that ElA might sensi- ported by Public Health Service Grant CA-43187 and Department of
the Army Grant DAMD17-98-1-8324. The content of this report does

tize cells to immune-mediated, proapoptotic injuries by not necessarily reflect the position or the policy of the government,

reducing the cellular, antiapoptotic defense, rather and no official endorsement should be inferred.

than by enhancing one or more steps in the caspase
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Adenovirus EIA Oncogene Expression in Tumor Cells
Enhances Killing by TNF-Related Apoptosis-Inducing
Ligand (TRAIL)1

John M. Routes,2*t*§¶II Sharon Ryan,* Amanda Clase,* Tanya Miura,* Alicia Kuhl,*
Terry A. Potter,t•¶ and James L. Cookll

Expression of the adenovirus serotype 5 (AdM) ElA oncogene sensitizes cells to apoptosis by TNF-a and Fas-ligand. Because
TNF-related apoptosis-inducing ligand (TRAIL) kills cells in a similar manner as TNF-a and Fas ligand, we asked whether ElA
expression might sensitize cells to lysis by TRAIL. To test this hypothesis, we examined TRAIL-induced killing of human mel-
anoma (A2058) or fibrosarcoma (H4) cells that expressed EIA following either infection with Ad5 or stable transfection with
Ad5-E1A. EIA-transfected A2058 (A2058-EIA) or H4 (H4-EIA) cells were highly sensitive to TRAIL-induced killing, but Ad5-
infected cells expressing equally high levels of ElA protein remained resistant to TRAIL. Infection of A2058-EIA cells with Ad5
reduced their sensitivity to TRAIL-dependent killing. Therefore, viral gene products expressed following infection with AdS
inhibited the sensitivity to TRAIL-induced killing conferred by transfection with E1A. ElB and E3 gene products have been shown
to inhibit TNF-a- and Fas-dependent killing. The effect of these gene products on TRAIL-dependent killing was examined by using
Ad5-mutants that did not express either the E3 (HUd/327) or EIB-19K (H5d1250) coding regions. A2058 cells infected with H5dl327
were susceptible to TRAIL-dependent killing. Furthermore, TRAIL-dependent killing of A2058-EIA cells was not inhibited by
infection with H5d1327. Infection with H5d1250 sensitized A2058 cells to TRAIL-induced killing, but considerably less than
HUd1327-infection. In summary, expression of AdS.EIA gene products sensitizes cells to TRAIL-dependent killing, whereas E3
gene products, and to a lesser extent E1B-19K, inhibit this effect. The Journal of Immunology, 2000, 165: 4522-4527.

uman adenoviruses (Ad) 3 are common human patho- macrophages, and CTL (6-9). These effector cells kill target cells

gens. In immunocompetent people, Ad cause persistent, by several mechanisms including the elaboration of secreted pro-
but self-limited infections (1, 2). Although not onco- teins, such as TNF-a and perforn, or by the interaction of Fas

genic in humans, Ad are capable of transforming human cells in ligand on effector cells with Fas on target cells. The expression of
vitro to a state where the cells are tumorigenic in immunocom- E1A in epithelial or fibroblastic cells induces an increased suscep-
promised rodents (3, 4). Cells transformed by Ad are virion free tibility to lysis by TNF-a, perforin, and Fas ligand (10-12).
and only two viral genes (ElA and EIB) are consistently ex- Recent studies have characterized a new member of the TNF
pressed (5). The primary immortalizing gene is ElA. ElB serves family of cytokines, the TNF-related apoptosis-inducing ligand
as a "helper" gene that increases the efficiency of viral transfor- (TRAIL) (13, 14). TRAIL interacts with receptors that are distinct
mation (5). from the receptors for Fas ligand and TNF-a. To date, five recep-

One possible explanation for the lack of oncogenicity of Ad in tors have been shown to bind TRAIL. The binding of TRAIL to
humans is the capacity of ElA to sensitize cells to destruction by either TRAIL-RI (death receptor 1) or TRAIL-R2 induces apo-
components of the host cellular immune response (6-9). The ex- ptosis (15-17). In contrast, the binding of TRAIL to TRIAL-R3,
pression of EIA sensitizes cells to lysis by components of the TRAIL-R4, or osteoprotegerin does not induce apoptosis (15, 16,
cellular antitumor immune response, including NK cells, activated 18-21). TRAIL-R1, TRAIL-R2, TRAIL-R3, TRAIL-R4, and os-

teoprotegerin are all members of the TNF-receptor family. The
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cells to TRAIL-induced killing. To test this hypothesis, we deter- A

mined the effect of ElA expression on TRAIL-induced killing of
A2058 and H4 cells. A2058 cells, a human melanoma cancer cell
line, and H4, a human fibrosarcoma cell line, were chosen because - so
they are resistant to TRAIL-induced killing and are permissive for
infection with Ad5 (26). We found that the expression of E1A gene 4--e- A2058

products sensitizes human tumor cells to TRAIL-dependent kill- A2059-Ad5

ing. The ability of ElA to sensitize cells to TRAIL-induced killing •U-0 A05S-EIA

following Ad5 infection was inhibited by E3 gene products, and to
a lesser extent E1B-19K. W

S10.
Materials and Methods
Cells and cell lines 0 12 25 50 100o200

(TRAILI ng/ml
A2058 is a human melanoma cell line. H4 is a human fibrosarcoma cell
line. A2058-ElA (also known as 1A558C8) and H4-ElA (also known as
P2AHT2A) are Ad5-EIA-transfected A2058 and H4 cells, respectively
(27). Cell lines were maintained in DMEM supplemented with 5% calf so,
serum, glucose (15 mM), antibiotics, and glutamine. The absence of My-
coplasma in the cell lines was established by using the Mycotect Assay 40'
(Life Technologies, Gaithersburg, MD).

Viruses 30. -e H4
b.3 H4-Ad5

H5dl327 is an Ad5 mutant virus that does not express any E3 proteins (28). HASH4.EIA
H5d1250 is an Ad5 mutant that does not express the ElB-19K protein (29). 20
Wild-type Ad5 and H5dl327 were grown in A549 cells. H5dI250 was
grown in 293 cells. Each virus was titered by plaque assay using the cell to
line in which it was grown. 10

TRAIL cytolysis assays 0

Target cells were infected with the different Ad (multiplicity of infection 012 L 25 50 100 200

100) for 16 h and labeled with 51Cr (100 mCi/mi for 1 h; 1 Ci = 37 gBq). (rAIL] i/mI
Initial studies showed that equivalent amounts of ElA were expressed FIGURE 1. ElA-transfected, but not Ad5-infected, human tumor cells
following infection of cells at a multiplicity of infection of 100 with wild- are sensitive to TRAIL-induced lysis. A2058 and A2058-EIA are parental
type or mutant forms of Ad5 (data not shown). Target cells (1 X 104 cells) and E1A-transfected, human melanoma cells, respectively. H4 and H4-
were then incubated with different concentrations of recombinant human EIA are parental and ElA-transfected fibrosarcoma cells. A, TRAIL-in-
TRAIL (R&D Systems, Minneapolis, MN). After a 16-h incubation at duced lysis of A2058 (0), Ad5-infected-A2058 (0), or A2058-EIA (U)
371C in 5% CO2, half of the supernatant from each well was harvested and cells. B, TRAIL-induced killing of H4 (0), AdS-infected H4 (0), or H4-
counted in a gamma counter. TRAIL-dependent killing was determined by
calculating the percentage of TRAIL-induced release of radiolabel from EIA (2) cells.
target cells as described (9). The results shown represent the mean t SEM
of at least four separate experiments. The mean percentage spontaneous
release from all types of target cells was <30%. The significance of the gated by the stable transfection with EIA (Fig. 1). Cell lines have
differences in TRAIL-induced killing of control and infected cell lines was been considered sensitive to TRAIL-induced killing if incubation
estimated using Student's t test. of 300 ng/ml of recombinant TRAIL results in >20% killing (22,

Western analysis 26). We found that the addition of 12.5-25 ng/ml of TRAIL killed
>25% of A2058-E1A and H4-EIA cells. The ability of ElA ex-

For quantitation of ElA proteins, 60-amm plates of Ad-infected or ElA-
transfected A2058 or H4 cells were lysed in RIPA buffer (1% Nonidet pression to sensitize tumor cells to TRAIL-dependent killing was
P-40, 0.5% deoxycholate, 0.1% SDS, 50 mMTris, pH 7.4, 150 mM NaCI), not restricted to melanoma or fibrosarcoma cells. TRAIL-depen-
and protein concentrations of RIPA supernatants were determined by the dent killing of breast cancer and cervical cancer cell lines was also
bicinchoninic acid protein assay (Pierce, Rockford, IL). An equal amount increased by stable ElA-transfection (data not shown). Next, we
of protein from each cell tysate was separated on 10% SDS polyacrylamide ascertained whether the expression of ELA gene products follow-
gels and electrophoretically transferred to polyvinylidene difluoride mem- a
branes (Bio-Rad, Hercules, CA). Membranes were blocked in 5% nonfat ing Ad5 infection would also induce TRAIL-dependent killing. In
milk solution and incubated with the anti-EIA mAb, M73 (supplied by E. contrast to transfection with E1A, infection of A2058 or H4 cells
Harlow, Massachusetts General Hospital, Charleston, MA) for 1 h (30). with Ad5 did not confer sensitivity to TRAIL-dependent killing
Following several washes with PBST (PBS with 0.05% Triton X-100), (Fig. 1).
membranes were incubated for I h with rabbit anti-mouse IgG Ab (Cappel,
Durham, NC) and washed extensively with PBST. The EI-A protein was
then visualized as per manufacturer instructions using the Renaissance EIA oncoprotein expression is equivalent in EIA-tranfected or
Chemiluminescence Kit (DuPont-NEN, Boston, MA). Ad5-infected A2058 cells ...

The ability of EIK gene products to increase the susceptibility to
Results lysis by NK cells and macrophages is dependent on the level of
EIA-transfection, but not infection, with wild-type AdS sensitizes E IA expressed (11). Prior studies from our laboratory-howed that
tumor cells to TRAIL-7-i-duced killing equivalent amounts of ElA protein are expressed in Ad5- corn-

To determine whether E1A sensitized cells to TRAIL, cytolysis pared with EIA-transfected H4 cells (6). However, it was possible
assays were performed on parental and ElA-transfected melanoma- that the levels of EIA produced following AdS-infection of A2058
(A2058, A2058-ElA) and fibrosarcoma (H4, H4-E1A) cells. In -- cells were insufficient to induce sensitivity to TRAIL-dependent
agreement with prior reports, we found that both H4 and A2058 killing. To test this possibility, the levels of E1A oncoprotein in
cells were resistant to TRAIL-induced killing (Fig. 1). The resis- Ad-infected and E1A-transfected A2058 cells were compared.
tance of A2058 or H4 cells to TRAIL-induced killing was abro- Western blot analysis of cell lysates demonstrated that the amounts
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of ElA in Ad5-infected and ElA-transfected A2058 cells were 60

comparable (Fig. 2). Therefore, the resistance of Ad5-infected
A2058 or H4 cells to TRAIL-dependent killing could not be ex- .50 e A2oSS

plained by quantitative differences in the expression of ElA gene z A2058-EIA

products. 4.--. A2058-E1A-Ad$

Inhibition of TRAIL-dependent killing by E1B and E3 gene ,. 30

products 20'

Expression of ELA gene products in immortalized cells induces .
susceptibility to NK cell lysis. In contrast, infection of human cells 10,
with Ad does not render the cells susceptible to NK cell lysis (6).
Thus, it was possible that the transient expression of ElA gene ... ...
products following Ad5-infection was insufficient to induce sen- l0 12 25 0 102

sitivity to TRAIL-dependent killing. Alternatively, other viral gene

products produced following Ad infection could be responsible for FIGURE 3. Ad5-infection inhibits TRAIL-dependent killing of E1A-
the inability of Ad5 infection to sensitize cells to TRAIL-depen- transfected cells. Parental and E1A-trans'fected A2058 cells were mock or

dent killing. To test the latter possibility, we examined whether Ad5-infected for 16 h and their sensitivity to TRAIL-induced killing was
determined in a 16-h cytolysis assay. TRAIL-induced lysis of A2058 (C),AdS-infection inhibited TRAIL-dependent killing of A2058-EIA ASifce 25-I 0,o nnetdA08EAcls()

cells. As shown in Fig. 3, Ad5-infection of A2058-EIA cells re-

duced the killing by TRAIL compared with that obtained with
uninfected cells.

Adenoviral EIB and E3 gene products inhibit apoptosis induced breast cancer and cervical cancer cells (data not shown). These

by Fas ligand and TNF-a The effect of these gene products on data are similar to reports that ElA gene products sensitize human

TRAIL-dependent killing was examined by using mutant strains of and murine cells to TNF-a and Fas-dependent killing (10-12).

Ad5 that did not express either the E3 (H5dl327) or EIB-19K However, ElA gene products do not always sensitize human or

(H5d1250) coding regions. A2058 cells infected with H5d1250 rodent cells to lysis by immune mediators or effector cells (8, 31-

(which does not express E1B-19K, but does express E-A and E3 33). Furthermore, the molecular basis for the increased suscepti-

proteins) resulted in a small increase in TRAIL-induced killing bility of E1A-expressing cells to TNF-a and Fas-dependent killing

compared with uninfected cells (Fig. 4A). In contrast, infection of is unknown. Therefore, the ability of EIA to sensitize human tu-

A2058 cells with H5dl327 (which does not express E3 proteins, mor cells to TRAIL-dependent killing needed to be directly

but does express EIA and E1B-proteins) increased the sensitivity ascertained.

of A2058 cells to TRAIL-dependent killing to a level that was TRAIL-dependent killing of A2058 cells was also increased by

similar to that observed with A2058-ElA cells (Fig. 4A). Further- the expression of EIA gene products produced in the context of

more, infection of A2058-ElA cells with H5dl327 did not inhibit Ad-infection. However, because E1B and E3 gene products block

their TRAIL sensitivity (Fig. 4B). The ability of HSd1250 infection TRAIL-induced killing, this effect of E1A could not be detected by

to block TRAIL-induced killing in A2058-ElA cells could not be infection of A2058 cells with wild-type Ad5. For example, in con-

assessed because infection of these cells with H5dl250 produced a trast to A2058-ElA cells, A2058 cells infected with wild-type Ad5

high spontaneous release of "1Cr. In total, these data indicated that were resistant to lysis by TRAIL (Fig. 1A). This difference be-

E3 proteins inhibited the ability of EIA gene products, produced tween Ad5-infected and ElA-transfected cells was not due to dif-

following transfection or infection, to sensitize cells to TRAIL- ferences in ELA expression. A2058-EIA cells and A2058 cells

dependent killing. The EIB-19K protein inhibited TRAIL-induced infected with Ad5 expressed equivalent levels of ElA oncoprotein

killing to a lesser extent than E3 gene products. (Fig. 2). Similar to results on A2058 cells, Ad5-infected H4 cells
also were resistant to TRAIL-dependent killing, despite high levels

Discussion of ElA expression (Fig. IB, and Ref. 6). Proteins encoded by the

In this study, we demonstrate that expression of the Ad5-ElA on- E3 regions were predominately responsible for the resistance of

coprotein following transfection of the E1A gene sensitized mel- Ad5-infected A2058 cells to lysis by TRAIL. A2058 cells infected

anoma (A2058) and fibrosarcoma (H4) tumor cells to lysis by with H5dl327 (which does not express E3 proteins, but does ex-

TRAIL (Fig. I). Similar data were obtained with ElA-transfected presses EIB proteins) were nearly as sensitive to TRAIL-depen-
dent killing as A2058-EIA cells (Fig. 4A). TRAIL-dependent kill-
ing was also blocked by E1B-19K, although they were less
effective than proteins encoded by the E3 region. Thus, H5dl250

4 €(which does not express EIB-19K, but expresses E3 proteins) in-
b• fection of A2058 cells increased TRAIL-dependent killing, but to

a lesser extent than infection with H5dl327 (Fig. 4A). Furthermore,

•7 '" '7 ElB gene products failed to inhibit killing- of A2058-ElA cells
S "---'E1A " following infection with H5dl327 (Fig. 4B). In contrast, TRAIL-

..- - dependent killing of A2058-EIA cells was blocked following in-
fection with Ad5 (expresses ElB and E3; Fig. 4). In total, these
studies indicate that E3 gene products were more effective at in-

FIGURE 2. Expression of EIA in Ad5-infected compared with ElA- hibiting TRAIL-dependent killing than the EIB-19K proteins.

transfected human tumor cells. A2058 cells were infected with Ad5 for -.. Ad encode numerous proteins that facilitate the evasion of the

16 h and the levels of ElA oncoprotein expression were determined by host immune response and contribute to viral persistence (34).

Western analysis (see Materials and Methods). A2058-EIA is an ElA- Several proteins encoded by the EIB and E3 regions have been

transfected A2058 cell line. previously shown to inhibit TNF-ci and Fas-induced killing and
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A activated NK cells (6, 49). In contrast, Ad-infected human cells are

only selectively killed by IFN-activated NK cells (33, 50). In

60' mouse models, a robust CTL response is induced following injec-
tion of E1A-expressing tumor cells, and, as a result, CTL are

SSo- highly effective at eliminating Ad-transformed cells in vivo (51,
52). We speculate that an effective CTL response would also be

Z
40 -- o-- A2058 generated against EIA-expressing, Ad-transformed cells in hu-

A2058-dt327 mans. CTL are also induced following Ad-infection (53-55).
30- . AO58dIL50 However, CTL recognition of Ad-infected cells appears to be par-S__Q._.A20S8-E1A8tially subverted by the Ad-E3-19K protein, a protein that is usually

S20' not expressed in Ad-transformed cells (44, 56, 57). The inhibition
of TRAIL-dependent killing by the E3 proteins provides another

9 1o- mechanism that could enable Ad to escape innate immunity and
0 favor viral persistence. However, our data suggest that TRAIL-

0 12 25 50 100 200 dependent killing would be highly effective in eliminating ElA-
[TRAIL] ng/ml expressing human cells that became immortalized following a

transforming viral infection. For example, ElA-transfected A2058
and H4 cells and A2058 cells infected with H5dl327 (which ex-
press the ElA and E1B proteins) were highly susceptible to

,60. TRAIL-dependent killing (Fig. 4). Therefore, we predict that Ad-
transformed, E1A and E1B expressing human cells would also be

Z highly sensitive to TRAIL-dependent killing. Thus, the immuno-
S40 -e- A2oSS modulatory proteins encoded by Ad may prevent a rapid sterilizing

W..- A205S-E1A immune response and favor viral-persistence, but are insufficient to
w 30" MUMM.EA=d2-Efully evade host immunity. Furthermore, in Ad-transformed cells,

S2these immunomodulatory proteins are either not present (E3) or
0-, are ineffective (EIB) in blocking killing by host effector killer

S10- mechanisms (5, 58).
The results from this study are also highly relevant in the se-

00 i2 iS 50 100 200 lection of the optimal adenovirus mutant to be used in the treat-

TRAULI ng/ml ment of human malignancy. Phase I clinical trials are presently

FIGURE 4. ElB and E3 gene products inhibit TRAIL-dependent kill- underway using ONYX-015, an Ad-mutant that does not express
ing. H5d1250 and H5dl327 are Ad5-mutants that delete the EIB-19K and the E1B-55K protein (59). EIB-55K partially inhibits the p53-
E3 open reading frames, respectively. Tumor cell lines were mock-, dependent apoptosis induced by ElA-expression (60). The dele-
H5d1250-, or H5-d1327-infected for 16 h and their sensitivity to TRAIL- tion of ElB-55K may enable ONYX-015 to replicate and induce
induced killing was determined in 16-h cytolysis assays. A, TRAIL-in- apoptosis in p53-deficient human cancer cells but may leave nor-
duced killing of A2058 (0), A2058-EIA (0), H5dL327- (N), or H5di25O- mal (p53 positive) cells intact (61-63). For several reasons, we
infected (Cl) A2058 cells. B, TRAIL-induced killing of A2058 (0), speculate that adenoviral mutants that contain deletions in both the
H5dl327-infected (0), or unifected-A2058-ElA cells (0). ElB and E3 coding regions would be superior to ONYX-015 for

the treatment of human malignancies. The first reason is that im-
mune mechanisms likely participate in mediating tumor regression

thus are candidates to inhibit TRAIL-induced killing (35-37). For following Ad-infection. For example, several reports indicate that
example, the E1B 19K protein, which is functionally homologous the ability of EIA to reduce tumorigenicity is dependent on NK
to the protoncogene Bcl-2, inhibits the activation of Procaspace-8 and T cells (64-67). The ability of ElA to sensitize cells to im-
(FLICE) (36). In addition, the E3 10.4K and 14.5K proteins (also mune-mediated apoptosis is independent of p53 (66, 68), insensi-
known as E3-RID) bind to and reduce the surface expression of tive to E1B-19K. The second reason is that prior studies indicate
Fas (39, 40). Another E3 protein, E3-14.7K, blocks apoptosis by that combining chemotherapeutic agents with ONYX-015 is more
its ability to bind and alter the function of proteins involved in effective in mediating tumor destruction than either agent alone
NF-iB-apoptosis regulatory pathway (41). Studies are ongoing to (63). This effect is likely due to the ability of E1A to sensitize cells
determine the molecular mechanism by which the EIB and E3 to apoptosis induced by chemotherapeutic agents (69). However,
proteins inhibit TRAIL-induced killing, in ElA-expessing tumor cells, the p53-dependent induction of ap-

Other adenoviral proteins are implicated in the evasion of host optosis induced by chemotherapeutic agents is also inhibited by
immune responses. Certain Ad-encoded proteins inhibit the bio- EIB-19K (68). A third reason is that recent studies indicate that
logical activities of IFNs and CTL recogntion of Ad-infected cells TRAIL may be useful in the treatment of human malignancies. By
(42-44). Therefore, it is puzzling that Ad rarely cause dissemi- inducing the expression of TRAIL-R1 and TRAIL-R2, chemother-
nated infections and do not appear to be oncogenic in humans, apeutic agents such as etoposide'synergize with TRAIL to mediate
-despite their well-described ability..to transform human cells (4, tumor cell apoptosis (70). Studies reported here. indicate -that

45-48). We speculate that the biological behavior of Ad in humans TRAIL.-resistant tumors can be sensitized by the expression of
is best explained by the incomplete inhibition of the host cellular E1A-gene-products. In. contrast, E3 gene products block TRAIL-
innate (NK cells, macrophages) and acquired (T cell) immune re- induced killing of EIA-expressing tumor cells. The use of mutant
sponses by adenoviral immunomodulatory proteins during infec- Ad that have deleted both EIB (19K and 55K) and E3 gene prod-
tion as well as minimal effects of these viral proteins on immune ucts may optimize the synergistic interactions involving chemo-
defenses following viral transformation. For example, Ad-trans- therapeutic agents, TRAIL and ElA. For all these reasons, we

formed human cells are selectively killed by resting and IFN- believe that mutant adenoviruses that contain deletions of both the



,4526 E1A INCREASES SENSITIVITY TO TRAIL

E1B and E3 open reading frames would be more effective in the 20. Pan, G., 1. Ni. Y.-F. Wei, G.-I. Yu, R. Gentz, and V. M. Dixit. 1997. An antag-
treatment of human malignancies than ONYX-015, regardless of onist decoy receptor and a death domain-containing receptor for TRAIL. Science277:815.
whether the virus was used alone or in combination with other 21. Emery,, J. G., P. McDonnell, M. B. Burke. K. C. Deen. S. Lyn, C. Silverman.
chemotherapeutic agents. Studies are ongoing using murine mod- E. Dul, E. R. Appelbaum. C. Eichman, R. DiPrinzio, et al. 1998. Osteoprotegerin

is a receptor for the cytotoxic ligand TRAIL. J. Biol. Chen. 273:14363.els to directly test this hypothesis. 22. Griffith. T. S., and D. H. Lynch. 1998. TRAIL: a molecule with multiple receptors

In summary, we show that the expression of E1A gene products and control mechanisms. Currn Opin. nrmunol. 10:559.
sensitizes tumor cells to TRAIL-dependent killing. The gene prod- 23. Walczak. H., R. E. Miller, K. Arial., B. Gliniak, T. S. Griffith, M. Kubin.

W. Chin, J. Jones, A. Woodward, T. Le, et al. 1999. Tumoricidal activity of tumoructs of the E3 region, and to a lesser extent E1B 1-19K, inhibit this necrosis factor-related apoptosis-inducing ligand in vivo. Nat. Med. 5:157.effect. Studies are ongoing to determine the molecular basis for the 24. Sedger, L. M., D. M. Shows, R. A. Blanton, J. J. Peschon. R. G. Goodwin,ability of ElA gene products to sensitize cells to TRAIL-depen- D. Cosman, and S. R. Wiley. 1999. IFN-y mediates a novel antiviral activitythrough dynamic modulation of TRAIL and TRAIL receptor expression. J. In-
dent killing. munol. 163:920.

25. Kayagaki, N., N. Yamaguchi, M. Nakayama, A. Kawasaki, H. Aliba,
K. Okumura, and H. Yagita. 1999. Involvement of TNF-related apoptosis-induc-
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Although human papillomaviruses (HPV) and adenoviruses (Ad) both transform cells by expressing functionally related
oncogenes (Ad-ElA/E1B; HPV-E7/E6), only HPV are oncogenic in humans. Prior studies have shown that HPV-transformed
cells are resistant to NK cell lysis and E7- and E6-specific CTL are inefficiently generated in women with HPV-induced
cervical cancer. Therefore, we postulated that the dissimilar oncogenicities of Ad and HPV may be caused by a protective
NK and T cell response that is triggered by transformed cells expressing E1A, but not by E7. To test this hypothesis, mice
that were either immunologically intact, lacked T cells, or lacked both NK and T cells were challenged with Ad serotype 5
(Ad5)-ElA- or HPV16-E7-transfected tumor cells. E7-expressing tumor cells were resistant to NK cell lysis in vitro and failed
to elicit a measurable anti-tumor NK or T cell response in vivo. The concomitant expression of E6 did not change this
phenotype. In contrast, EIA-expressing tumor cells were sensitive to NK lysis in vitro and triggered a protective NK and T
cell immune response in vivo. These data suggest differences in the capacities of ElA or E7 oncoproteins to trigger
protective anti-tumor immune responses may contribute to the dissimilar oncogenicities of Ad and HPV in humans. 0 2000
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INTRODUCTION ing et al., 1980). The ElA and E7 oncoproteins appear to

Human pa pillomavi ruses (HPV) and adenoviruses transform cells by similar molecular mechanisms.

(Ad) are common human pathogens with a proclivity for Through two highly homologous, conserved regions

causing persistent infections. In the United States, 95% of [conserved region (CR) 1 and CR2], the ElA and E7

adults are seropositive for one of the group C Ad, and oncoproteins bind to and inhibit the function of common

over 12 million adults are infected with genital tract HPV cell-growth regulatory proteins (e.g., p105 or retinoblas-

(Koutsky et al., 1988; Straus, 1984). Although both viruses toma gene product, pRb; p107, p130, and cyclin A) (Dyson
et a!, 1992; Phelps et aL, 1988; Vousden and Jat, 1989).

are competent to transform human cells, only HPV are Although genetically unrelated, Ad-El B p55 and E6 on-
1979). coproteins derived from oncogenic HPV both inhibit the

In HPV-induced human malignancies or Ad-trans- biological activities of the tumor suppressor gene p63
through different molecular ,mechanisms (Scheffner et

formed cells, there is viral gene integration into the host aL, 1990; Yew and Berk, 1992; Zantema eta!, 1985). As a
genome, and expression of two viral genes (HPV, E6 and
E7Ad, EAand expressisn oftwound cosisently (GrahE6am d e result of this activity, both E1B and E6 inhibit either E1A-

a.,1977; A cd wa, a!n, E 1 985, isotkn aond Wetitetlteine or E7-induced cellular apoptosis and favor the survival of
immortalized cells (Pan and Griep, 1994; Rao etaL, 1992).

1986). ElA and E7 are the primary immortalizing genes of HPV are frequently divided into two major classes
Ad and HPV, respectively. Ad-ElB and HPV-E6 serve as based on their associations with cervical cancer The
"helper" genes that increase the efficiencies of E1A- and "low-risk' types (HPV-6, HPV-11) cause benign cervical
E7-induced transformation (Halbert eta!., 1991; Houwel- lesions. In contrast, "high-risk" HPV (HPV-16, -18, -31 and

-33) are identified in over 95% of cervical carcinomas.

. The dissimilar 0ncogenicities of high- and low-risk HPV
'To whom correspondence and reprint requests should be' ad- -likely-relate to the inability, of low-risk HPV to transform

dressed at the National Medical and, Research Center, Dept. of Med- human cells (Heck et aL, 1992; MOnger et al., 1991;
icine, 1400 Jackson St., Denver, CO 80206. Fax: 303-398-1806. E-mail: --

-routesj@njc.org. Scheffner.et at., 1990). Unlike low-risk HPV, Ad are fully
5Abbreviations used: Adenovirus, Ad; adenovirus serotype 5, Ad5; competent to transform human cells. This fact and the

human papillomavirus, HPV. , results of previous studies comparing other DNA tumor
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viruses indicate that there are factors other than cellular immunogenicity on primary tumor formation could be
transformation efficiency that distinguish tumorigenic assessed. Thus, if ElA were more immunogenic than E7,
from nontumorigenic viruses. For example, although non- then immunocompetent mice should more efficiently re-
oncogenic group C Ad (Ad serotype 2, Ad2, Ad5) and ject MCA-102-E1A cells than MCA-102-E7 cells. Further-
highly oncogenic group A Ad (Ad 12) transform rodent more, if NK and T cells were important in the preferential
cells in vitro with similar efficiencies, only cells trans- rejection of ElA-expressing cells, the NK cell-related and
formed by highly oncogenic serotypes form tumors in T-cell-related components to the tumor rejection re-
immunocompetent animals. Conversely, cells trans- sponse could be quantitated through the use of mice that
formed in vitro by both types of viruses are tumorigenic in lack T cells (nude mice) or T cells and NK cells (CD3-e-
immunodeficient animals (Lewis and Cook, 1984). These transgenic mice). Finally, because nontransfected MCA-
and other data suggest that the outcomes of interactions 102 cells were inherently resistant to killing by NK cells,
between oncogene-expressing, virally transformed cells it was also possible to test the effect of E1A and E7
and the host cellular immune response are pivotal in oncogene expression on NK cell susceptibility in vitro
determining whether primary tumors will or will not form and to correlate these results with in vivo tumor devel-
in vivo. opment data.

In previous studies we showed that the oncogenicities These results showed that the E1A- or E7-expressing
of HPV- or Ad-transformed human cells correlated with mouse tumor cells exhibited phenotypes similar to those
their resistance to lysis by human NK cells (Routes and observed for virally transformed human tumor cells. E7-
Ryan, 1995). Oncogenic, HPV transformed human cells expressing cells were resistant to rejection by animals
were resistant to NK lysis, whereas Ad-transformed hu- with competent NK cell and T cell responses and were
man cells were NK sensitive. The Ad-ElA and HPV-E7 resistant to NK cell lysis in vitro. Conversely, ElA-ex-
oncoproteins regulated this difference in susceptibility to pressing cells were highly NK susceptible and over 1000
NK cell lysis. Additionally, several laboratories have re- times less tumorigenic in immunocompetent mice than
ported that HPV-tumor-specific CTL responses are weak either E7-expressing cells or nontransfected MCA-102
in women with cervical cancer (Borysiewicz et al., 1996; tumor cells. The decreased tumorigenicity of ElA-ex-
Evans et al, 1996; Ressing et a/., 1996). In contrast, pressing MCA-102 cells was dependent on an intact T
studies in rodents show that robust CTL responses are cell and NK cell antitumor immune response. These
induced following injection of Ad5-transformed cells studies provide the first animal model in which the im-
(Bellgrau et al., 1988). These data suggested to us that munogenicities of these viral oncoproteins have been
differences in the capacities of E7 and ElA proteins to directly compared and shown to influence primary tumor
target virally transformed cells for destruction by the development. The possible biological implications of
cellular immune response might contribute to the dissim- these findings are discussed.
liar oncogenicities of HPV and Ad in humans. However,
there previously had been no way to directly compare the RESULTS
immunogenicities of E1A- and E7-expressing tumor cells Establishment of MCA-102 transfectants expressing
to determine whether oncoprotein immunogenicity could
influence primary tumor development in vivo. Therefore, high levels of HPV-E7 or Ad-E1A oncoproteins
it was uncertain whether these in vitro findings were MCA-102 cells were transfected with either
relevant to primary tumor development in vivo. (For these pLSXN16E7 or pE1A-neo. Geneticin-resistant colonies
considerations, tumor cell immunogenicity is defined as were screened for HPV-16-E7 or Ad5-E1A expression by
the ability of the tumor cell to elicit an effective antitumor Western analysis. Levels of E7 oncoprotein expression in
response in vivo that includes both innate (NK cell) and MCA-102-E7-CL1 and MCA-102-E7-CL2 were compared
acquired (T cell) immune defenses), to those in SiHa and H4-E7. SiHa is an HPV16-trans-

To test the hypothesis that dissimilar NK and T cell formed human cervical cancer line that expresses low
responses directed against cells expressing ElA or E7 levels of HPV16-E7, whereas H4-E7 is an HPV16-E7-
affect, primary tumor formation, a murine model was transfected human fibrosarcoma cell line that expresses
developed using the-- C57/BL6-derived tumor cell line high levels of E7 (Routes and Ryan, 1995). As shown in
MCA-102. MCA.102 cells were chosen for several rea- Fig. 1, both MCA-102-E7-CL1 and MCA-102-E7-CL2 ex-
sons. First, MCA-102 cells are highly oncogenic in im- pressed considerably higher levels of the HPV16-E7 on-
munocompetent animals: Second, MCA-102 cells are coprotein than SiHa, but slightly lower levels than-H4-E7.
nonimmunogenic, even when transduced by the co- Similarly, high levels of the Ad5-E1A oncoproteins were :7 --
stimulatory-molecules B7.1 or B7.2 (Chen et al., 1994; expressed in both MCA-102-EIA-CL1 and MCA-102-EiA- -
Mule et al, 1987; Yang- et al., 1996). Therefore, by trans- CL2 cells. The cell morphologies and in vitro doubling
fecting the E1A and E7 oncogenes into MCA-102 cells, times of these E7- and E1A-expressing MCA-102 lines
the immunogenicities of -he E1A and E7 proteins could were indistinguishable from those.of nontransfected,
be directly compared and the relevance of oncoprotein MCA-102 cells (data not shown).
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A BMCA-102 cells, as indicated by the respective increases
.C, NY, • in the numbers of cells required to induce tumors in 50%

PV I of animals (TPD50 of E1A-positive cells, E1A-CL1 = 6.8
•9 •, ,0.4, E1A-C12 = 7.3 ± 0.3 cells vs TPD5 , of parental

4 ... C7 cells = 3.3 ± 0.4 cells). This comparison of different
MCA-102 clones transfected with different viral onco-
a ih f n a c s t t o4- EM genes could not exclude the possibility that clonal vari-
ation in the different transfectants contributed to the

FIG. 1. (A) Expression of HPV16-E7 oncoprotein MCA-102-E7-CL1, differences in tumorigenicity. Therefore, in a second type
MCA-102-E7-CL2, SiHa, and H4-E7 cell lines measured by Western of experiment, an E7-transfected clone of MCA-102 cells
analysis. (B) Expression of Ad5-E1A protein in MCA-102-E1A-CL1 and
-CL2 cells measured by Western analysis. was supertransfected with E1A and retested for sensi-

Failure of E7-expressing MCA-102 cells to elicit a A
protective cellular immune response to primary A
tumor development 7

Sr z T T T T T T

The effects of E7 oncogene expression on primary - 6 -o-MCA.102
EIA-CLI

tumor development by MCA-102 cells was tested in mice 5- -0--

with varying abilities to mount an antineoplastic cellular 0 - .. L2
CL

immune response (Fig. 2). If E7 expression were effective - 4

in increasing the immunogenicity of MCA-102 cells, it 3

would be predicted that expression of this oncoprotein
would reduce tumorigenicity in immunocompetent mice 2

2 3 4 5 6 7 8 9 1011 1213
compared with that in T-cell-deficient, nude mice. This Time (weeks)

was not the observation. Only a few thousand parental
MCA-102 cells were required to induce subcutaneous B 81
tumors in immunocompetent mice (TPD50 mean ± 7

SEM = 3.3 ± 0.4 cells) (Fig. 2 and Table 1). Expression 6
of high levels of E7 in two different transfected clones did ---- -MCA-,0S5 * - EIA-CU.

not alter this level of tumorigenicity (TPD55 = 3.4 + 0.3 -.- - -"

and 2.8 ± 0.2). This failure of E7 expression to alter 4

tumorigenicity was also observed with cells co-express- 3

ing HPV E6 (TPDo = 3.0 ± 0.3). There was also no
differential effect of E7 expression on MCA-102 tumor
development in T-cell-deficient nude mice (Fig. 3). Both 11 2 3-4 5 6 7 8 9 1011 1213

parental MCA-102 cells and E7-expressing cells were Time (weeks)

slightly more tumorigenic in nude than in immunocom-
petent mice, as indicated by the slightly lower TPDEO C 8
values of each cell type in nude mice (Fig. 3 vs Fig. 2). 7

There were, however, no significant differences in the 6

tumor-inducing capacities of E7-expressing cells com- -0 ...--. ,
pared with parental cells when compared in either nude 5 E---C"2

(Fig. 3) or normal mice (Fig. 2). These data suggested a.
that E7 expression does not induce an effective T-cell- 3'

dependent defense against primary tumor formation by 2

MCA-102 cells.
MCA-102 cells are inherently nonimmunogenic in syn- - 2 3 4 5 6 7 8 9 10-11 1213 .

geneic C57/BL6 mice (Chen eta/., 1994; Mule et aL, 1987; Time (weeks)

Yang et aL, 1995). Therefore, it was possible that these FIG. 2. Tumor inductid-n studies in normal, nude; and CD3-e-trans-
cells possessed some trait that limited the immunogenic genic mice. Immunologically normal(A),_,nude.4B)j - and CD3-e-trans-

effects of any transfected viral oncoprotein.. Thi is.I50si- genic mice (C) were injected subcutaneously in the flank with log
bility was tested in two ways. MCA-102 cells expressing dilutions of MCA-102, MCA-102-E1A, and MCA-102-E7 cells and ob;
E1A, rather than E7, were tested in the same tumorige- served weekly for 12 weeks. Animals were sacrificed when tumors

reached a mean diameter of 20 mm or at the end of a 12-week

nicity assays in immunocompetent mice (Fig. 2). In con- observation period. The calculated TPD5o value represents the log, 0 of

trast to E7 expression, ElA expression caused a three- the number of tumor cells required to produce tumors in 50% of the
to four-log decrease in tumorigenicity of transfected mice.
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TABLE 1 other than NK cells contributed to the enhanced rejection

Tumor-Inducing Capacity, Class I MHC Antigen Surface Expression, of ElA-, but not E7-, expressing cells in nude mice (Cook
and NK Cell Killing of MCA-102 Lines et al., 1982). To test this, tumor induction studies were

done in CD3-e-transgenic mice, which lack both NK cells
Class I MHC Sensitivity and T cells (Fig. 2C). There were no significant differ-

TPDsD antigen surface to NK cell ences in the tumor-forming capacities of MCA-102-E1A
Cell line Normal mice expression' (%) lysis cells in these mice, compared with either parental MCA-

MCA-102 3.3 ± 0.4 100 No 102 cells or MCA-102-E7 cells. Therefore, the incremen-
-E1A-CL1 6.8 ± 0.4 120 ± 5 Yes tal deletion of the NK cell response in addition to the T
-E1A-CL2 7.3 ± 0.3 400 ± 7 Yes cell response that resulted from using CD3-e-transgenic
-E7-CL1 3.4 ± 0.3 200 ± 6 No mice, rather than nude mice, resulted in complete elim-
-E7-CL2 2.8 ± 0.2 200 ± 4 No nation of the host's ability to reject ElA-expressing cells.
-E7/E6 3 ± 0.3 220 ± 3 No
-E1A/E7 6.7 ± 0.2 290 ± 5 Yes These results also showed that the reduced tumorige-

nicity of ElA-expressing MCA-102 cells in nude mice
Surface class I MHC antigen levels were normalized to the levels was NK cell-dependent and was not explained by some

expressed on MCA-102 cells. other, lymphocyte-independent rejection mechanism.

Inverse correlation between NK susceptibility of
tivity to rejection by immunocompetent mice (Table 1). oncogene-expressing tumor cells tested in vitro and
These E7/E1A coexpressing cells exhibited the same tumorigenicity in NK-competent animals
three-log reduction in tumorigenicity in immunocompe-
tent mice that was observed with cells expressing E1A Next, we tested the susceptibilities of several MCA-
alone. This eliminated clonal selection as an explanation 102 lines expressing either E7 or E1Ato NK cell killing to
for the observed differences in tumorigenic phenotypes determine if patterns of lysis in vitro correlated with cell
of the cells and further excluded the possibility that there line susceptibility to protective NK and T cell responses
wo me t recellsait ofurE7erexprded ossinc ll y that bkedrex- in vivo (Fig. 3). Expression of ElA as a single oncogenew a s so m e trait of E7-exp ressing ce lls that b lo c ked ex- in u e M C 10 c l s to b o m h g ly u c p i le o
pression of a rejection-susceptible phenotype. These induced MCA-102 cells to become highly susceptible to
data suggested that, in contrast to ElA expression, E7 NK cell killing. In contrast, E7 expression resulted in no
expression was weakly immunogenic (or nonimmuno- increase in NK susceptibility compared with nontrans-
genic) in MCA-102 cells and failed to elicit a protective fected, MCA-102 cells. To excludenthe possibility that
host defense against primary tumor formation, these NK susceptibility patterns were specific to the cell

clone, rather than the oncogene expressed, an E7-ex-

ElA-expressing MCA-102 cells elicit both NK cell- pressing clone of MCA-102 cells that had been super-

and T-cell-specific responses to primary tumor transfected with ElA and a second clone that had been
challenge established by co-transfection with E7 and E6 were

tested in NK cell assays. E1A expression converted the
The results of two types of animal experiments sug-

gested that, in addition to a T-cell-dependent rejection
response, the reduced tumorigenicity of ElA-expressing ,. MCA 102

MCA-102 cells was also dependent on NK cell-mediated 40 e- -1AE
rejection. First, depletion of NK cells in vivo by pretreat- 40 --• - -EIE7
ment of normal mice with the anti-NK antibody PK136 A ---- -E7/E6
(Koo et aL, 1986) increased the tumorigenicity of E1A- 30'

expressing cells, as evidenced by a 1.7-log reduction in
the number of MCA-102-E1A cells required to produce 20
tumors (TPD50 in NK cell-depleted mice = 4.8; TPDS0 in 2

untreated mice = 6.5). Second, ElA-expressing MCA- .

102 cells continued to be significantly less tumorigenic in . 10

T-cell-deficient nude mice than either parental MCA-10....
or E7-expressing MCA-102 cells (TPDso values, MCA-
102-ElA = 4.5 vs MCA-102 = 1.8 and MCA-102-E7-. 0 25 50 100 200

2.3). Nude m ice have norm al or increased NK cell activ- - ..... RA..

ity. These results indicated that E1A but not E7 expres- FIG. 3. Susceptibility of MCA-102 lines to NK cell lysis. NK lysisof

sion sensitized MCA-102 cells to an NK cell-dependent MCA-102-E1A-CL1, MCA-10Z-E7-CL1, MCA-102-E1A/E7, and MCA-102-
E7/E6 cells as measured by-a 6-h. 5tCr-release cytolysis assay. Results

rejection response that is discernible from CTL-depen- represent the means ±*..SEMof four separate experiments. Equivalent
dent rejection. patterns and magnitude of NK cell killing were seen with MCA-102-

It was also possible that T-cell-independent defenses E1A-CL2 and McA-102-E7-CL2 cells (data not shown).
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E7-expressing clone from an NK-resistant to an NK- DISCUSSION
susceptible cell. This result indicated that E7 expression
did not select for an inherently NK-resistant clone. The Viral oncogene-induced cellular immortalization is a

failure of the E7/E6 coexpressing MCA-102 clone to prerequisite for establishment of stable, neoplastic cell

exhibit NK susceptibility further indicated that the E7- clones, but this immortalization step is only part of the

related resistant phenotype observed with the single explanation for tumorigenicity. Comparison studies of

oncogene E7 transfectant was not a result of clonal different Ad serotypes and other papovaviruses have

selection. shown that another important factor contributing to the
differences in the tumorigenicities of cells immortalized

NK resistance and tumorigenicity of oncogene- by different viral oncogenes is the variable outcomes of

expressing MCA-102 cells do not correlate with the interactions between oncogene-immortalized cells and
level of class I MHC antigen expression components of the host cellular immune response

(Lewis and Cook, 1984, 1985). For example, group A and

NK cells express inhibitory receptors that recognize C adenoviruses are equally competent to transform
class I MHC antigens expressed on target cells (Lanier, mammalian cells, but only group A Ad are oncogenic in
1998). In some experimental systems, cells that express immunocompetent rodents (Gallimore and Paraskeva,
high levels of class I antigens are resistant to NK cell 1980). Studies using Ad5 (nontumorigenic)-Adl2 (highly
killing, whereas cells that express low levels of class I tumorigenic) chimeric viruses showed that the differ-
are NK sensitive (Lanier, 1998). If this were the explana- ences in the oncogenicities of these viruses are regu-
tion for the oncogene-related NK and tumorigenic phe- lated primarily by the functions of their ElA oncoproteins
notypes observed in these studies, it would be predicted (Bernards et al., 1982; Jelinek et aL, 1994; Telling and
that cells in which ElA expression had induced high- Williams, 1994). These ElA differences also determine
level NK susceptibility would express very low levels of whether Ad2/5- or Ad12-transformed cells elicit protec-
class I MHC antigens, relative to NK-resistanf parental tive NK and T cell responses. Expression of Ad2/5, but
cells and E7-expressing cells. In contrast, it has also not Ad12, ElA gene products sensitizes cells to lysis by
been proposed that the escape of Ad- or HPV-trans- NK cells (Cook and Lewis, 1984; Cook et al., 1986).
formed cells from the T-cell-mediated cellular immune Similarly, Ad2/5-, but not Ad-12-, transformed cells elicit
response occurs as a result of downregulation of cell robust CTL responses (Bellgrau etaL., 1988; Pereira etaL,
surface expression of class I MHC antigens (Bernards et 1995). We speculate that a weak NK response to Ad12-
al., 1983; Cromme etal., 1994; Schrier et aL, 1983). If this transformed cells may contribute to the subsequent fail-
were the case with the MCA-102 cells tested here, it ure to generate a strong Ad12-E1A-CTL response in vivo
would be predicted that the nonimmunogenic, E7-ex- (see below). Alternative explanations for a blunted CTL
pressing MCA-102 cells tested here would express very response include the capacity of Ad12-E1A gene prod-
high levels of class I antigen compared with the E1A- ucts to transrepress the expression of class I MHC
expressing cells. It was also possible that there was no antigens and the TAP1 and TAP2 transporter genes (Ber-
correlation between class I MHC antigen expression and nards et al., 1983; Schrier et aL, 1983), an activity not
susceptibility to NK killing orto T-cell-mediated rejection, shared by AdS-E1A gene products.
as had been reported from some studies of DNA virus- These observations suggest that, in addition to E1A-
transformed rodent and human cells (Haddada et al., induced cellular immortalization, ElA-induced cellular
1986, 1988; Routes and Cook, 1995). traits that modulate the cellular immune response to

To examine these relationships using the oncogene- oncogene-expressing cells are an important determinant
expressing MCA-102 cells studied here, surface class I of tumor progression or rejection. These studies may be
MHC antigen expression was measured by FACS anal- relevant for discerning the reasons for the dissimilar
ysis (Table 1). The results showed that all oncogene- oncogenicities of HPV and Ad in humans. In a manner
transfected clones of MCA-102 cells expressed higher analogous to that of differences between highly onco-
levels of class I MHC antigen than did nontransfected, genic Ad12 and nononcogenic Ad2/5-E1A genes, the
parental MCA-102 cells. More important for the purpose dissimilarities in oncogene function between HPV16-E7
of the above considerations, there was no correlation and Ad5-E1A may influence the tumorigenicities of Ad-
between class I antigen expression and either tumorige- and HPV-transformed cells in humans.
nicity or NK susceptibility of the clones. Levels of Kb and The studies presented here are consistent with this
Db surface expre-ss-ion on all MCA-102 lines were also hypothesis and suggest.that one reason for the tumori-
measured by flow cytometry and directly correlated with genicity of E7 oncogene-expressing tumor cells is-the
total class I antigen levels. Therefore, levels of surface failure of these cells to initiate an effective antineoplastic
class I MHC antigen expression did not explain either cellular immune response. For example, ElA expression
the NK phenotypes or the relative tumorigenicities of caused a marked reduction of the tumorigenicity of MCA-
these oncogene-expressing cells. 102 cells in immunocompetent mice and a significant
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reduction of MCA-102 tumorigenicity in T-cell-deficient, pressing cell in the immunocompetent animal. This cor-
NK-competent nude mice. The observation that E1A had relation has been reported for hamster and mouse cells
no effect on tumor development in CD3-e-transgenic expressing Ad2/5-E1A (NK susceptible and nontumori-
mice that lacked both NK cell and T cell defenses indi- genic), hamster and mouse cells expressing Ad12-E1A
cates that this ElA-induced reduction in tumorigenicity (NK resistant and tumorigenic), SV40 T antigen-express-
was caused by the combined effects of T cell and NK cell ing hamster cells (NK resistant and tumorigenic), SV40 T

defenses (Figs. 2 and 3 and Table 1). In contrast, E7 antigen-expressing mouse and rat cells (NK sensitive
expression failed to induce any detectable tumor rejec- and nontumorigenic), polyoma T antigen-expressing
tion response in NK- and T-cell-competent mice. hamster cells (NK resistant and tumorigenic), and human

The lack of a protective T-cell-dependent response cells expressing HPV16- or HPV18-E7 and -E6 (NK resis-

against E7-expressing MCA-102 dells (Fig. 2) cannot be tant and tumorigenic) (Cook at aL, 1980, 1982; Cook and
explained by the lack of antigenicity in the E7 protein Lewis, 1984; Fresa et a/., 1987; Raska and Gallimore,
itself in the H-2b background of the C57/BL6 mice used in 1982; Routes and Ryan, 1995; Sawada et al., 1985). The
these experiments. There are several reports showing data reported here extend this correlation to E7-express-
that E7 is highly antigenic in these mice. For example, E7 ing MCA-102 cells (NK resistant and tumorigenic) and
peptide immunization of C57/BL6 mice induces E7-spe- suggest that this same pattern of resistance for HPV16-
cific CTL activity (Feltkamp et a/., 1993; Sadovnikova et or HPV-E7-expressing human tumor cells may be rele-
al., 1993). Furthermore, such CTL-inducing vaccination vant in vivo. Furthermore, neither the NK sensitivity nor
strategies protect mice from tumor development by E7- tumorigenicities of the different MCA-102 lines were re-
expressing tumor cell lines (Feltkamp et al., 1995; Os- lated to class I MHC antigen expression. These data are
sevoort et al., 1995). This same pattern of viral oncogene- in agreement with other studies relating NK sensitivity
induced protection following preimmunization but ab- and either tumorigenicity or class I expression on Ad-
sence of protection during primary tumor development transformed or ElA-transfected rodent and human cell
has been reported for several other oncogenic DNA lines (Haddada et al., 1986, 1988; Routes and Cook,
tumor viruses, including SV40 expressed in hamster 1995). Studies are ongoing to determine if the expression
cells and Ad12 expressed in hamster and mouse cells of nonclassical class I antigens influences the NK sen-
(Levine et aL, 1984; Lewis and Cook, 1984, 1985). It is sitivities of ElA- and E7-expressing murine and human
clear, therefore, that the antigenicity of an oncoprotein tumor cell lines.
does not guarantee its ability to induce tumor cell rejec- The inability of E7-expressing MCA-102 cells to induce
tion during primary tumor formation. In fact, this is usu- protective T-cell-dependent responses in immunocom-
ally not the case. petent mice is also consistent with observations of HPV-

This failure of E7 expression to induce primary tumor transformed cells in humans and other types of E7-
rejection is common to both the human host faced with transfected tumor cells in mice. For example, E7- or
HPV-transformed cervical carcinoma cells and the C57/ E6-specific CTL are inefficiently generated in women
BL6 mouse challenged with E7-expressing MCA-102 with HPV-induced cervical cancer (Borysiewicz et al.,
cells. One possible explanation for this phenomenon that 1996; Evans et aL, 1996; Ressing et al., 1996). Similarly,
would be consistent with the data presented in this injection of HPV16-E7-transfected tumor cells that are
report and with our previous studies of HPV-transformed not co-transfected with the co-stimulatory molecule 87.1
human cells is that there is a requirement for an "initiat- fail to induce E7-specific CTL in mice (Chen et al., 1992).
ing interaction" between oncogene-expressing tumor Thus, ourfindings are consistent with the hypothesis that
cells and NK cells that is required for effective generation the E7 and E6 oncoproteins are ignored by the immune
of an oncoprotein-specific CTL response. There is pre- system despite their antigenicity, a state referred to as
cedent for such an accessory role for NK cells in the immunological ignorance (Melero et al., 1997).
generation of a CTL response (Kos and Engleman, 1996). HPV infect only human keratinocytes with complete
For example, it has been reported that depletion of NK viral -replication linked to the differentiation of the in-
cells reduces generation of syngeneic tumor-specific, fected cell. HPV gene products that help circumvent the
virus-specific, and allospecific CTL (Kos and Engleman, host immune response to HPV infection may exist. In
1996; Kurosawa etal., 1995; Suzuki et al., 1985). Our data addition, the urogenital 16c-tio-n of HPV-induced malig-
and those in previous reports also show that cert~oin viral nancies as well- as differences in -the replicative cycle

oncogenes fail to sensitize the cells they immortalize to and the unique cell tropism of HPV.rnay contribute to the

NK killing and that these NK-insensitive oncogene-ex- dissimilar oncogenicities of HPV and Ar-.However, we -

-. pressing cells. do not induce -protective, oncoprotein- believe that these are not the only factors leading to the -

specific anti-tumor responses. There are several-exam- dissimilar oncogenicities of Ad and HPV. Ad are ubiqui-
pies-of this correlation between the ability of a DNA viral tous human pathogens-that cause persistant infection-s-

oncogene to induce cellular sensitization to NK killing with asymptomatic fecal excretion for months to years

and the tumor-inducing capacity of the oncogene-ex- following the initial infection (Fox et al., 1969). Ad infect
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epithelial (including keratinocytes), fibroblastic, and lym- vided by Denise Galloway (Fred Hutchinson Cancer Re-
phoidal cells. Ad can cause both asymptomatic and search Center, Seattle, WA) (Halbert et al., 1991). pElA-
symptomatic urogenital tract infections (Mufson et al., neo was provided by Elizabeth Moran (Temple University,
1973). Like HPV-E7/E6, Ad-E1A/E1B are competent to Philadelphia, PA) (Ruley et al., 1985). Two independently
completely transform both epithelial and fibroblastic derived clones of MCA-102 cells expressing high levels
cells in vitro. Furthermore, Ad-transformed human cells of either Ad5-E1A (MCA-102-E1A-CL1, MCA-102-E1A-
are tumorigenic in immunodeficient animals (Chang et CL2) or HPV16-E7 (MCA-102-E7-CL1, MCA-102-E7-CL2)
al., 1990). Therefore, the fact that Ad can infect and were used for all studies. The MCA-102 cell lines were
potentially transform cells at virtually any anatomic loca- maintained in DMEM supplemented with antibiotics, 15
tion, including locations in which HPV replicate, pre- mM glucose, and 5% FCS. Cell lines were periodically
cludes the possibility that the cell tropism and anatomic tested for contamination with mycoplasma using the
site of HPV-induced malignancy is the only explanation Mycotec assay (Bethesda Research Labs, Bethesda,
for the dissimilar oncogenicities of Ad and HPV Finally, MD) and were negative.
although there may be HPV proteins produced that cir-
cumvent cellular immunity to HPV infection, these pro- NK cell cytolysis assays
teins likely would not affect the cellular immune re- NK cytolysis assays were performed as described
sponse following viral transformation. HPV-transformed using spleen cells from athymic nude C57/B6 mice as
cells are virion free and no further viral replication is the source of NK cells and target cells labeled with [sCr]
possible (Galloway and McDougall, 1989). Only two viral (100 mCi/mI for 1 h; 1 Ci = 37 gBq) (Routes and Cook,
proteins are consistently expressed in HPV-transformed 1995). The results shown represent the means t SEM of

In summary, the data reported here show that the at least four separate experiments. The mean percent-
age spontaneous release from all types of target cellsdissimilar immunogenicities of the ElA and FJ7 oncopro- was less than 20%.

teins can influence primary tumor development. We pos-
tulate that differences similar to those observed in this
mouse model might also exist in the cellular immune
responses to human cells expressing Ad5-E1A or For quantitation of ElA proteins, 60-mm plates of
HPV16-E7. This hypothesis predicts that, following Ad5 MCA-102-E1A-CL1 or MCA-102-E1A-CL2 cells were
transformation of human cells, ElA expression would lysed in RIPA buffer (1% NP-40, 0.5% deoxycholate, 0.1%
elicit a robust NK cell and T cell response that results in SDS, 50 mM Tris, pH 7.4, 150 mM NaCI), and protein
destruction of these cells in vivo. In contrast, following concentrations of RIPA supernatants were determined by
HPV16 transformation, E7 expression would fail to elicit the BCA protein assay (Pierce, Rockford, IL). An equal
such an immune response and would, therefore, persist amount of protein from each cell lysate was separated
to allow cellular transformation, subsequent cellular mu- on 10% SDS-PAGE polyacrylamide gels and electro-
tations, and tumor progression. These observations pro- phoretically transferred to PVDF membrane (Bio-Rad,
vide a basis for future studies contrasting E7 and ElA to Hercules, CA). The membrane was blocked in 5% nonfat
test cellular mechanisms that explain the failure of E7 to milk solution and incubated with the anti-ElA monoclo-
sensitize tumor cells to NK killing and to induce T-cell- nal antibody, M73, supplied by E. Harlow (Massachu-
dependent tumor rejection by immunocompetent ani- setts General Hospital, Charleston, MA) for 1 h (Harlow
mals. et al., 1985). Following several washes with PBST (PBS

with 0.05% Triton X-100), the membranes were incubated
MATERIALS AND METHODS for 1 h with rabbit anti-mouse antibody (Cappel, Durn-

Cell lines ham, NC) and washed extensively with PBST. The ElA
protein was then visualized per the manufacturer's in-

The methylcholanthrene-induced sarcoma cell line structions using the Renaissance Chemiluminescence
MCA-102 was provided by Dr. Nicholas Restifo (National Kit (DuPont-NEN, Boston, MA).
Institutes of Health, Bethesda, MD) (Mule -et al., 1987). For quantitation of E7 proteins, 100-mm plates of H4-
H4-E7 cells are HT1080-derived, human fibrosarcoma E7, SiHa, or MCA-102-E7-CL1 and CL2 cells were lysed
cells expressing high levels of the HPV16-E7 oncoprotein with the E7 lysis buffer (20 mM Tris, ph-7.5, 150 mM NaCI,
(Routes and Ryan, 1995). MCA-102 cells expressing Ad5- 0.5% SDS, 0.5% NP-40, 0.5% deoxycholate, 1 mM EDTA,
E1A or HPV-t6-E7 were derived.from cloneS-elected in 1% aprotinin, and 1 p.M PMSF). Protein concentrations
-G418 following transfection with pLSXNt6E7 or pE1A- from each lysate were determined and equal amounts of
neo, which code for G418 resist-ance and HPV16-E7 or lysate were immunoprecipitated using Protein A Sepha-
Ad5-E1A, respectively. G418-resistant colonies were ex- rose CL-4B beads (Amersham Pharmacia Biotech, Upp-
panded and screened for the expression of Ad5-E1A or sula, Sweden) and the E7 monoclonal antibody ED17
HPV16-E7 by Western analysis. pLSXN16E7 was pro- (Santa Cruz Biotechnology, Santa Cruz, CA). Immunopre-



DISSIMILAR IMMUNOGENICITIES OF E7- AND E1A-EXPRESSING CELLS 55

cipitated proteins were resolved on 16% SDS-PAGE and (1982). Characterization of cells transformed by Ad5/Ad12 hybrid

transferred to PVDF membrane. With the exception of the early region I plasmids. Virology 120, 422-432.
Bernards, R., Schrier, P. I., Houweling, A., Bos, J. L, and van der Eb, A. J.

use of the monoclonal E7 antibody, the remainder of the (1983). Tumorigenicity of cells transformed by adenovirus type 12 by

Western analysis was identical to the procedure used for evasion of T-cell immunity. Nature 305, 776-779.

the detection of the ElA proteins. Borysiewicz, L K., Fiander, A, Nimako, M., Wilkinson, G. W. G., West-
moreland, D., Evans, A. S., Adams, M., Stacey, S. N., Boursnell,

Tumor induction studies M. E. G., Rutherford, E., Hickling, J. K., and Inglis, S. C. (1996). A
recombinant vaccinia virus encoding human papillomavirus type 16

CD3-e-transgenic mice and congenitally athymic nude and 18, E6 and E7 proteins as immunotherapy for cervical cancer.

and normal C57/BL6 mice were obtained from Jackson Lancet 347, 1523-1527.

Laboratories. CD3-E-transgenic mice do not express ei- Bosch, F. X., Manos, M. M., Mu~oz, N., Sherman, M., Jansen, A M., Peto,
ther T cells or NK cells (Wang et aL, 1994). Quantitative J., Schiffman, M. H., Moreno, V., Kurman, R., and Shah, K. V. (1995).

Prevalence of human papillomavirus in cervical cancer, A worldwide

tumor induction studies were performed as previously perspective. J. Nati. Cancer Inst. 87, 796-802.

described (Walker et al., 1991). Briefly, mice (three ani- Chang, L-S., Martina, J. D., Levine, A. J., and Shenk, T. E. (1990).

mals per cell dose for normal and athymic nude mice, Suppression of transformation of SV40 T- and adenovirus El-trans-

two animals per dilution for CD3-e-transgenic mice) were formed human cells by the wild-type human RB and p53 genes. In
injected subcutaneously with serial log concentrations of "sV40, Polyoma, and Adenoviruses," Cold Spring Harbor Laboratory

Press, Cold Spring Harbor, NY.

cells and observed weekly for tumor development for 12 Chen, L, Ashe, S., Brady, W. A., Hellstrom, I., Hellstrom, K. E., Ledbetter,

weeks. Animals were sacrificed when tumors reached a J. A., McGowan, P., and Linsley, P. S. (1992). Costimulation of antitu-

mean diameter of 20 mm or at the end of the 12-week mor immunity by the B7 counterreceptor for the T lymphocyte mol-

observation period. Tumor cells from animals injected ecules CD28 and CTLA-4. Cell 71, 1093-1102.
Chen, L, McGowan, P., Ashe, S., Johnston, J., Li, Y., Hellstrdm, I., andwtheitedfor CA EA or CA7 celression. (lsg,() werthe Hellstr~m, K. E. (1994). Tumor immunogenicity determines the effect

tested for E1A or E7 expression. TPD50 (loglo of the of B7 costimulation on T cell-mediated immunity. J. Exp. Med. 179,
number of tumor cells required to produce tumors in 50% 523-532.

of the mice) were calculated by the method of Karber Cook, J. L., Hibbs, J. B., Jr., and Lewis, A. M., Jr. (1980). Resistance of

(1931). simian virus 40-transformed hamster cells to the cytolytic effect of
activated macrophages: A possible factor in species specific viral

Measurement of class I MHC antigen levels oncogenicity. Proc. Natl. Acad. ScL USA 77, 6773-6777.
Cook, J. L, Hibbs, J. B., Jr., and Lewis, A. M., Jr. (1982). DNA virus-

M1/42.3.98, a monoclonal antibody that is panreactive transformed hamster cell-host effector cell interactions: Level of
resistance to cytolysis correlated with tumorigenicity. Int J. Cancerto all murine class I antigens, was obtained from the 307683
30, 795-803.

American Tissue Culture Collection. The MCA-102 lines Cook, J. L., and Lewis, A. M., Jr. (1984). Differential NK cell and macro-

were stained with M1/42.3.98, and 5000 cells were ana- phage killing of hamster cells infected with nononcogenic or onco-

lyzed on an Epics C flow cytometer as described (Routes genic adenovirus. Science 224, 612-615.

and Cook, 1990). The levels of surface class I antigens Cook, J. L, Walker, T. A., Lewis, A. M., Jr., Ruley, H. E., Graham, F. L, and
on the E1A- or E7-transfected cell lines were normalized Pilder, S. H. (1986). Expression of the adenovirus ElA oncogene
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Human breast cancer cells are often resistant to injuries inflicted by immune defenses and
chemotherapeutic agents. A means to sensitize such resistant cells to these injuries might
be useful in designing new strategies for treatment. We have reported that expression of

the adenoviral EIA oncogene in both rodent and human cells sensitizes them to diverse
apoptotic injuries. The purpose of this study was to test the hypothesis that ElA

expression in human breast cancer cells will render them sensitive to both immune-

mediated and chemotherapeutic drug-induced apoptosis.

Human ductal adenocarcinoma breast cancer cells (MDA-MB-435S) were tested for

sensitivity to of pro-apoptotic injuries before and after stable expression of E1A proteins.

ElA-negative cells were resistant to most types of injuries. EIA expression converted

these apoptosis-resistant cells into cells that were sensitive to lysis following apoptosis

induced by human natural killer cells, the TNF-related apoptosis-inducing ligand

(TRAIL), and the chemotherapeutic agent, etoposide. The apoptotic nature of cell death

following exposure to these injuries was assessed using studies of nuclear morphology,

DNA laddering, quantitation of DNA degradation and chromium release.

p53 gene mutations are common in human malignancies, including breast cancer. p53

expression can also be important in injury-induced apoptosis. Both rodent and human

cells were tested for the p53-dependence of apoptosis triggered by immune-mediated and
chemically-mediated injury. Immune-mediated injury of E1A-expressing cells occurred
independently of p53 expression in both rodent and human cells. The p53-dependence of

chemically-induced apoptosis was cell type specific. In rodent cells, p53 expression was

required for an apoptotic response to most types of chemical injuries. In contrast, human

cells lacking p53 expression, could be highly sensitive to a variety of chemical injuries.

The data indicate that E1A expression sensitizes human tumor cells, including breast

cancer cells, to pro-apoptotic injuries triggered by both immune and chemically-induced

mechanisms. The results also suggest that p53 gene mutations are insufficient to block

this E1 A-induced phenotypic change in many types of tumor cells.

The U.S. Army Medical Research and Material Command under DAMD17-98-1-8324
supported this work.
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ElA-Induced Repression of the NF-kappa B Defense
Against Apoptosis through a p300-Binding-
Independent Mechanism
Jim Cook, Kelley Colvin, Barbara Routes, Tom Walker, Jay
Radke and Wei-Yun Zheng
University of Illinois at Chicago

ElA expression sensitizes mammalian cells to apoptosis triggered
by p53-independent immunological (e.g., cytolytic lymphocyte and TNF)
and p53-dependent chemical and physical injuries. The possible
mechanisms of this E I A activity include enhancement of the apoptotic
cascade and repression of antiapoptotic defenses. One cellular defense
against TNF-induced apoptosis involves activation of NF-kappa B (NF-
kB)-dependent responses. ELA represses NF-kB-dependent
transcription, but the cause and effect relationship between this effect
"and sensitization to apoptosis is unclear.

Stable or transient expression of Ad5 E LA sensitized NIH-3T3 cells
to TNF-induced apoptosis and repressed TNF-induced kB-luciferase
activity in an E LA-dose-related manner. E 1A proteins encoded by both
12S and 13S mRNAs had the same repressive effect. Overexpression
of the NF-kB p65/RelA subunit reversed E LA repression of transcription
in a p65-dose-dependent manner and rescued ELA-positive cells from
TNF-induced apoptosis, suggesting that these ElA effects are linked
and p65/RelA-related.

Studies were done to define the NF-kB activation step that is blocked
by ELA. NF-kB p65/RelA and p50/KBFI subunit expression, TNF-
induced I-kappa B turnover, NF-kB subunit nuclear translocation,
heterodimerization, and binding of p6 5/p5O to kB oligomers were
unaffected by E1A, suggesting that E1A repression of NF-kB-dependent
transcription occurs at a stage after NF-kB binding to the enhancer.
The most likely mechanism of this anti-NF-kB activity was through
E1A binding to p300, a known coactivator of NF-kB-dependent
transcription. Studies using p300-nonbinding EIA mutant proteins showed
that, albeit not quite as effective as wild type El A proteins, these mutants
still repressed TNF-induced, NF-kB-dependent transcription in a dose-
dependent manner and sensitized cells to TNE. The data suggest that
E1A-induced apoptosis sensitization that occurs in response to p53-
independent injury initiation pathways is caused in part by ElA repression
of the cellular NF-kB defense through binding-independent, as well as
binding-dependent, effects of E LA on p300 coactivator function.
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